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SUMMARY 
The low rotational transitions in the microwave spectra of the 
35 35 
molecules phosphorous trichloride, PClg , and phosphoryl chloride, POC^ > 
have been investigated. The theory of the electric quadrupole inter­
action in symmetric-top molecules with three identical quadrupolar muclei 
has been reviewed and then extended to calculate the Stark effect in the 
presence of the hyperfine structure. The J=l to J=2 transition spectrum, 
including the effects of the Stark interaction, has been calculated with 
the aid of a computer program. The lines were pressure broadened accord­
ing to the Van Vleck-Weisskopf relation and added to obtain a spectrum for 
direct comparison with the experimental spectrum recordings. The separa­
tions of the two strongest hyperfine components in the J=l to J=2 transi­
tions of PCl^ a n c * ^^•'•3 w e r e measured. The measured separations were 
compared to the calculated spectra to obtain values for the P-Cl bond 
axis quadrupole coupling constants, eqQ. The coupling constants obtained 
for PCl^ and were -53.3 Mc/sec and -55.4 Mc/sec respectively. The 
effects of pressure broadening and the Stark interaction upon the above 
measurements were evaluated. The Stark effect in the J=l to J=2 and J=2 
to J=3 transitions was analysed to obtain the values 0.56 ± 0.02 debye 
and 2.54 ± 0.04 debye for the dipole moments of PClg and POClg respectively„ 
A phase-lock klystron stabilization technique was utilized in recording 
the spectra to improve the resolution of the spectrograph. 
1 
CHAPTER I 
INTRODUCTION 
The microwave spectra of symmetric-top molecules are often very 
easy to measure and analyse. For this reason, a large number of such 
molecules have been studied. However, if the molecule contains a nucleus 
with spin 1 or greater, the molecular rotation states are split by the 
interaction of the quadrupole moment of this nucleus with the average 
electric field gradient at the nucleus. This splitting gives rise to 
hyperfine structure in the microwave absorption spectrum of the molecule. 
The resulting lines are weaker and often very close together, but if they 
can be resolved they supply information about the electric quadrupole 
interaction. 
The effect of the quadrupole interaction upon atomic spectra has 
been treated in detail by Casimir (l). The quadrupole hyperfine struc­
ture in molecular rotational spectra can be treated in a similar manner. 
The application to microwave spectroscopy has been outlined by Townes and 
Schawlow (2). The complexity of the quadrupole hyperfine structure in­
creases rapidly with the number of quadrupolar nuclei in the molecule. 
The case of three identical quadrupolar nuclei in a symmetric-top mole­
cule is a particularly interesting and difficult one. The splitting of 
each rotational transition into a large number of hyperfine components 
results in very low intensities for the individual components, and con­
sequently measurement of the spectrum is difficult. The theory for the 
quadrupole interaction in such cases has also presented some problems. 
2 
Bersohn (3) (4) discussed the calculation of the quadrupole hyper­
fine structure for this case and calculated the matrix elements of the 
hamiltonian which are necessary for a calculation of the hyperfine split­
ting- P. N 0 Wolfe (b) (6) then compared the J=2 to J=3 rotational spec­
trum of CHCl^ with the spectrum calculated from Bersohn's theory and 
obtained the value -80.39 Mc/sec for the quadrupole coupling constant 
of the chlorine nuclei. Long (7) (8) measured the J=l to J=2 transitions 
in CFCl^ and CHCl^ and obtained the quadrupole coupling constants -103.5 
Mc/sec and -110.8 Mc/sec respectively. The pure quadrupole resonance 
experiments of Livingston ( 9 ) had yielded the values 76.90 Mc/sec and 
79=63 Mc/sec for the quadrupole coupling constants of CHCl^ and CFCl^ 
respectively in the solid state. The solid state and microwave measure­
ments of the quadrupole coupling constants in other molecules have been 
in much better agreement than this. 
In order to produce agreement with Bersohn's theory, Long found 
that it was necessary to assign values to the centrifugal distortion 
coefficients of both CHCl^ and CFCl^ which were much larger than the theo­
retical values. In addition, the centrifugal distortion coefficient D 
was negative and changed with J, while previous investigations had yielded 
only positive, constant values for Dj in molecules of this type. Johnson 
(10) studied centrifugal distortion in several symmetric-top molecules. 
Upon comparison of the theoretical and experimental results, he found 
agreement in every case except for the reported distortion coefficients 
for CFCl^ and CHCl^. Subsequently, Favero and Mirri (ll) investigated 
the spectra of CFCl^ and CHCl^ in the range J=15 to J=29 where the split­
ting due to the quadrupole interaction is negligible. They obtained 
3 
values for the centrifugal distortion coefficients which were in good 
agreement with the theoretical values, in contradiction to the results 
of Long» 
Long suggested that the discrepancies mentioned above might be 
caused by errors in the quadrupole interaction theory. Weatherly (12) 
calculated the hyperfine structure of CFCl^ using a different approach, 
taking care to choose wavefunctions which behaved properly under ex­
change of any two of the identical nuclei. Using Long's experimental 
results, Weatherly obtained the quadrupole coupling constant -81.5 Mc/sec 
and his calculation indicated that the centrifugal distortion coeffic­
ients would be near the theoretical values. Weatherly's calculation 
differed from Bersohn's in that it included some non-zero matrix ele­
ments linking states characterized by K=l and K=-l. It was concluded 
that Bersohn's theory gave incorrect results because it failed to take 
into account properly the effects of the Pauli exclusion principle. 
Weatherly's approach had the disadvantage that the wave functions 
chosen did not take full advantage of the permutation symmetry of the 
three identical quadrupolar nuclei. The resulting calculation for the 
frequencies and intensities of the quadrupole hyperfine lines proved to 
be inconveniently large, even with the use of a high-speed digital com­
puter. Svidzinskii (13), in a rather general treatment of multipole 
interactions in molecular rotational spectra, showed how to use the 
symmetry properties of the molecule to maximum advantage in the calcu­
lation of hyperfine structure. Svidzinskii included a discussion of the 
appropriate state functions to use when identical nuclei are involved. 
Using the method suggested by Svidzinskii, A. A. Wolf (14) has 
4 
given a theoretical treatment of the quadrupole hyperfine structure of 
symmetric-top molecules with three identical quadrupolar nuclei. He cal­
culated the complete hyperfine structure pattern for the J=l to J=2 and 
J=2 to J=3 transitions of CHCl^ and C F C 1 3 with the aid of the computer 
program included in Appendix B of this thesis. Wolf calculated exact 
expressions for the strongest hyperfine lines and intensities up through 
the J=4 to J=5 transition. He obtained the values -77.9 Mc/sec and -79.9 
Mc/sec for the quadrupole coupling constants of CHCl^ and CFCl^ respec­
tively. These values are in agreement with the solid state measurements. 
In order to provide additional confirmation of the theory, the 
35 35 
molecules phosphorous trichloride, PCl^ and phosphoryl chloride, p o c l g > 
were chosen for this investigation. The hyperfine structures for both 
of these molecules have been analysed to obtain values for their quadrupole 
coupling constants. The theory has been extended to calculate the Stark 
effect in the presence of the hyperfine structure, and dipole moment 
measurements have been made by analysis of the Stark effect. 
The molecules PClg and P O C I 3 have been studied rather extensivelyc 
A brief outline of the previous work is presented here. The structure 
of PCl^ has been determined by Kisliuk and Townes (15) using microwave 
methods and by Swingle (16) and Hedberg and Iwasaki (17) using electron 
diffraction. A microwave determination of the structure of P°Clg has 
been carried out by Williams et al. (18), and electron diffraction stud­
ies have been made by Badgley and Livingston (19). The experimentally 
determined structural parameters are given in Table 1 and the method of 
investigation is indicated in each case. The values 100.27 ± .09 and 
103.5 ± 1 . 0 degrees for the Cl-P-Cl angles in PCI and P0C1 respectively 
5 
were used in the calculations for this investigation, 
A recent review of the Raman investigations of POCl^  has ben 
writen by Ziomek and Piotrowski (20). They compared seven diferent 
measurements of the Raman displacements and seven sets of measured de­
polarization factors. They chose as the most probable data the Raman 
displacements and relative intensities of Langseth (21) and the depolar­
ization factors of Cabanes and Rouset (22). The Raman displacements 
of Langseth are listed in Table 2. Infrared measurements in POCl^  have 
ben reported by Dasch and Smith (23) and by Baudler et al. (24). 
Ziomek and Piotrowski (20) did a normal cordinate analysis of POCl^  and 
calculated some of its thermodynamic properties. More recently, Nakai 
and Mori (25) have made force constant calculations for both PCl^  and 
P O C I 3 . 
The Raman and infrared spectra for PCl^  have recently ben meas­
ured by Frankis and Miler (26). Earlier Raman measurements were made 
by Cabanes and Rouset (22) and by Nielsen and Ward (27). The infrared 
spectrum was measured by Davis (28) in the liquid and by Lorenzeli (29) 
in the gaseous state. A number of bond force constant calculations have 
ben caried out. The most recent are those of Venkateswarlu (30), Nakai 
and Mori (25), and Miri et al. (31). The later measured the milimeter 
wave spectrum for PCl^  and obtained the values 1.17 ± .01 kc/sec and 
-1.879 ± .08 kc/sec for the centrifugal distortion coeficients D^  and 
D respectively. These coeficients apear in the equation 
v = 2(J+1)(B-DT1.K2) - 4DT(J+1)3 (I-l) 
Table 1 . Experimentally Determined Structural 
Parameters for PC1 0 and P0Cl o 
Molecule P-Cl Distance 
o 
in A 
Cl - P-Cl 
in Degrees 
P - 0 Distance 
o 
in A 
B Q in Mc/sec Method Reference 
3 5 
2 . 0 4 3 ± 0 . 0 0 3 1 0 0 . 1 ± 0 . 3 2 , 6 1 7 . 1 ± 0 . 1 M ( 1 5 ) 
2 . 0 3 ± 0 . 0 2 1 0 0 . 5 ± 1 . 5 E.D. ( 1 6 ) 
2 . 0 3 9 ± 0 . 0 0 1 4 1 0 0 . 2 7 ± 0 . 0 9 E.D. ( 1 7 ) 
3 5 
POClg 1 . 9 9 ± 0 » 0 2 * * 1 0 3 . 6 ± 2 . 0 1 . 4 5 ± 0 . 0 3 2 , 0 1 5 , 2 0 ± 0 . 0 5 M ( 1 8 ) 
1 . 9 9 C ± 0 . 0 2 5 
1 0 3 . 5 ± 1 . 0 1 , 4 5 ± 0 = 0 5 E.D. ( 1 9 ) 
M = Microwave, E.D. = Electron Diffraction. 
Assumed. 
7 for the frequency of a rotaionaltransiton J to J+l in a symetric-top molecule (32). Both PCl^  anc* Del°n9 to "the symetry point group Cgv° The normal vibrational modes are shown in Figures 1 and 2 for and pOCl^  respectively. The perpendicular modes v^ and v^ for PClg and v^, v^, and 
v^ for P0C1 are doubly degnerate. The infraed and Ramn spectra which wer discused above yield the frequencies for excitaion of thes modes, although the identifcation of the mode coresponding to a given frequency is sometimes dificult. The frequency for the excitaion of a molecule into the first excited vibrational stae in a single mode wil be refred to as the fundamental frequency of that mode. The experimental fundamental frequencies for PCl^ and POCl^  are listed in Table 2. The Boltzman fac­tors which give the poulations of the first excited staes relative to that of the ground stae are include in Table 2. The coresponding dat for CH1 and CF1 are also listed for comparison. If an apreciable fraction of the molecules are in an excited vi­brational stae, then rotaional transitons coresponding to that stae may be observed. Thes rotaional transitons are charcterized by a rotaional constant of the form (3) 
wher B^ is the equilbrium rotaional constant, vg is the vibrational 
t h quantum number, and g^ isthe degneracy of the s vibrational mode. The freqencyof a roatonaltransiton isgiven by 
(1-2) s 
CI 
(DOUBLY DEGENERATE) (DOUBLY DEGENERATE) 
Figure 1. Vibrational Modes of Phosphorous Trichloride. 
o O 
Figure 2. Vibrational Modes of Phosphoryl Chloride 
10 
v = 2B (J+1) - 2(J+1) Y ct v , (1-3) 
o Li s s 
s 
where B = B - Y - 7 7 a . 
o e Lt 2 s 
s 
Kisliuk and Townes (15) have observed excited state lines in the spect­
rum of PClg and have assigned these lines to modes v^ and v^ 0 From the 
observed spectrum they have calculated the interaction constants = 1 09 
i 0o3 Mc/sec and ct^  = -1=9 ± 0=3 Mc/sec. With these constants, the excited 
vibration state lines for the J=l to J=2 transition would be expected to 
fall 7o6 Mc/sec on each side of the ground state line center 0 
Excited state lines have not been reported for POCl^, but the 
Boltzmann population factors in Table 2 indicate that they should be of 
approximately the same relative strength as those in PCl^o From examin­
ation of the Boltzmann factors it appears that excited state lines should 
not be so easily observable in CFCl^ and CHCl^ as in PCl^ and POCl^o 
The dipole moments of PClg and POClg have been measured by vari­
ous methods and with rather widely varying r e s u l t S o These results are 
summarized in Table 5. No microwave measurements of the dipole moments 
have been made prior to this investigation and no measurement of the di­
pole moment of POClg i n "the gaseous state has been reported to date D 
In this investigation, the quadrupole splitting of the low rota­
tional transitions in PCl^ and POCl^ w a s examinedo A review of the 
theoretical treatment of A. Wolf (14) is given. The theory is then ex­
tended to treat the Stark effect in the presence of the quadrupole 
T A B L E 2 . F U N D A M E N T A L E X C I T A T I O N F R E Q U E N C I E S F O R V I B R A T I O N A L M O D E S A N D T H E 
P O P U L A T I O N S O F E X C I T E D S T A T E S R E L A T I V E T O T H E G R O U N D S T A T E 
M O D E 
(cm l ) 
P C I 
O 
P O P U L A T I O N 
2 0 0 ° K 3 0 0 ° K 
- 1 \ 
C M ; 
P 0 C 1 
P O P U L A T I O N 
- 1 
2 0 0 ° K 3 0 0 ° K ( C M ) 
C H C 1 
P O P U L A T I O N 
2 0 0 ° K 3 0 0 ° K C M 
- 1 
C F C 1 . 
P O P U L A T I O N 
2 0 0 ° K 3 0 0 ° K 
5 1 0 
4 9 1 
2 6 0 
1 9 0 
, 0 3 
. 0 6 
O L 5 
C 5 1 
. 0 9 
= 1 8 
. 2 9 
. 8 0 
4 8 6 
5 8 1 
2 6 7 
1 9 3 
1 2 9 0 
3 3 7 
. 0 3 
. 0 3 
O L 5 
. 5 0 
O 0 0 
C L 8 
. 1 0 
. 1 2 
. 2 8 
. 7 9 
6 7 2 
7 6 0 
3 6 3 
2 6 1 
, 0 0 3 0 3 0 
4 0 1 2 1 7 
O 0 1 
. 0 1 
. 0 7 
. 3 0 
. 0 0 
O 0 0 
. 0 4 
E 0 5 
. 1 8 
O 5 7 
5 3 4 
8 4 6 
3 5 1 
2 4 5 
0 0 1 0 8 5 
0 1 4 0 0 
O 0 2 
, 0 0 
. 0 8 
= 2 4 
. 0 0 
. 1 1 
R E F E R E N C E S F O R F R E Q U E N C I E S : P C I , R E F E R E N C E 2 6 ; P 0 C 1 , R E F E R E N C E 2 1 J C H C 1 , R E F E R E N C E 1% C F C 1 , R „ B , 
B E R N S T E I N , J . P C Z E I T L O W , A N D F . F . C L E V E L A N D , J 0 C H E M . P H Y S = 2 1 , 1 7 7 8 ( 1 9 5 3 ) . 
. 0 8 
0 3 
, 1 9 
, 6 2 
, 0 1 
. 2 9 
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hyperfine structure for symmetric-top molecules with three identical quad­
rupolar nuclei. A computer program has been written to calculate the 
hyperfine structure of the J=l to J=2 rotational transition, both in the 
presence and absence of an applied electric field. The lines were pres­
sure broadened according to the Van Vleck-Weisskopf relation and added to 
get a resultant spectrum for direct comparison with the experiment. 
The J=l to J=2 transition is the most advantageous for analysis of 
the hyperfine structure since its quadrupole splitting is the largest. 
The quadrupole splittings in PClg and POCl^ are smaller than in the mole­
cules previously investigated, i.e., CHCl^ and CFCl^. For this reason, 
a phase-lock technique for stabilizing the klystron was utilized to enhance 
the resolution. The technique is similar to that described by Narath and 
Gwinn (34). It is discussed in detail in Chapter II. 
The J=l to J-2 transitions in PCI and POC1 were analysed to ob-
tain values for the quadrupole coupling constant eqQ. These values were 
compared to the solid state values obtained by Livingston (35). The Stark 
effect in the J=l to J=2 and J=2 to J=3 transitions was examined and di­
pole moment measurements were made for these molecules. 
In the text of this thesis, the chemical formulae PCl^ and POClg 
35 35 
will indicate the abundant symmetric-top species PCl^ and POC1 unless 
otherwise specified. 
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CHAPTER II 
INSTRUMENTATION AND TECHNIQUE 
The microwave spectrograph used in this investigation is the 
conventional Stark modulation type, utilizing an 85 kc/sec square wave 
for the modulation,, It has been described in detail by Clayton (36) and 
Long (7), but a brief description will be repeated here in order to ex­
plain recent modifications 0 
The microwave radiation from a klystron is introduced into a wave­
guide which contains the sample^, An 85 kc/sec square wave is applied to 
an electrode centered in the waveguide to produce electric fields up to 
1200 volts/cm in the sample 0 The absorption of the gas is modulated by 
this square wave, and the resulting 85 kc/sec signal is detected by a 
crystal and amplified by means of a phase-sensitive lock-in amplifier,, 
The signal from the amplifier is displayed on an oscilloscope or plotted 
on a recorder.. 
Because the detection system is phase-sensitive, the absorption 
line in the presence of the electric field and that in the absence of 
the field give D 0Co signals of opposite polarity^ If the signals over­
lap in frequency due to pressure broadening, e t c , then the resultant sig­
nal obtained is the difference between the field-on and field-off signals 0 
If the signals do not overlap appreciably, this feature is convenient be­
cause it provides a means for distinguishing between the unperturbed ab­
sorption lines and the lines as perturbed by the Stark effecto If the 
klystron is swept slowly and uniformly over the frequency range of interest 
14 
while recording the signal from the detector, a plot of absorption as a 
function of frequency is obtained. 
The frequency resolution of the spectrograph is dependent upon the 
bandwidth of the detector and the stability of the klystron oscillator. 
The bandwidth of the phase-sensitive detector can be made as small as 
desired by increasing the time constant of the RC output network. If 
the stability of the klystron can be increased, then presumeably not only 
the frequency resolution but also the sensitivity can be increased because 
of the possibility of using longer time constants. 
In this investigation the klystron was stabilized by means of a 
double phase-lock stabilization technique similar to that described by 
Narath and Gwinn (34). A block diagram of the stabilization circuit is 
shown in Figure 3. Two Dymec Model DY-2650A Oscillator-Synchronizers 
were used to provide the phase-lock stabilization. These units utilize 
a 30 Mc/sec crystal oscillator as a reference frequency. For normal 
operation of the Oscillator-Synchronizer, harmonics of a 100 Mc/sec cry­
stal-controlled oscillator are generated and mixed with a sample of the 
klystron output to obtain a 30 Mc/sec beat frequency 0 This beat frequency 
is phase-locked to the 30 Mc/sec reference oscillator. A D 0Co correction 
voltage is generated and applied to the klystron reflector when the kly­
stron starts to drift. 
In the arrangement shown in Figure 3, klystron #1 is stabilized 
at a single frequency as described above. The stabilized output of kly­
stron #1 is then mixed with the output of klystron #2 and further mixed 
with a third signal from a transfer oscillator, the frequency of which 
can be varied from 100 to 220 M c / s e C o The resultant 30 Mc/sec beat 
CORRECTION VOLTAGE 
KLYSTRON 
POWER 
SUPPLY 
KLYSTRON 
#1 
CORRECTION VOLTAGE 
KLYSTRON 
POWER 
SUPPLY 
KLYSTRON 
#2 
REVERSIBLE 
MOTOR 
OSCILLATOR 
INPUT 
PHASE-LOCK 
STABILIZER 
CRYSTAL 
MIXER 
PHASE-LOCK 
STABILIZER F\~** 
I.F. INPUT 
CELL 
SWITCHING 
CIRCUIT 
REVERSIBLE 
MOTOR 
VARIABLE-RATIO 
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TRANSFER 
OSCILLATOR 
DETECTOR 
FIGURE 3. BLOCK DIAGRAM OF KLYSTRON STABILIZATION AND TUNING CIRCUIT 
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frequency is introduced into another Dymec stabilizer at the I.F, input 
to be directly compared with the 30 Mc/sec reference oscillator 0 Once 
the lock-in condition is obtained, the second phase-lock stabilizer will 
keep the beat frequency of the three signals at 30 Mc/sec by applying a 
correction voltage to the reflector of klystron #2, If the transfer os­
cillator is now tuned slowly, the phase-lock circuit will retune klystron 
#2 to keep the beat frequency at 30 Mc/seco Since the phase-lock circuit 
can produce only a limited correction voltage, it is necessary to mechani­
cally retune the cavity of klystron #2 to keep the error voltage within 
the allowed limits, which are about ±20 voltSo To accomplish this, the 
correction voltage is also applied to a switching circuit such as that 
shown schematically in Figure 5, which drives a small reversible motor 0 
The motor acts through a reduction gear to retune the klystron cavity to 
give zero error voltage. 
By this method, klystron #2 can be electrically tuned, continu­
ously and slowly, over a large frequency range while maintaining the 
phase-lock stabilization,, The uniformity of the tuning is practically 
that of the transfer oscillator, which represents a significant improve­
ment over other methods presently used for klystron tuning. The Dymec 
stabilizer can presumeably compensate for noise up to 100 kc/sec in the 
klystron reflector circuit. 
As an example of the lock-in procedure, consider the case of the 
J=l to J=2 rotational transition of PCl^, the line center of which is at 
10,468 Mc/sec. The lock-in arrangement is illustrated in Figure 4, The 
reference klystron, in this case a Varian X-13B, was stabilized at 10,230 
Mc/ sec by locking it 30 Mc/sec above the 102nd multiple of the 100 Mc/sec 
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oscillator in the Dymec stabilizer. 
10,468 Mc/sec (klystron #2) 
30 Mc/sec 
208 Mc/sec (transfer oscillator) 
10,230 Mc/sec (klystron #1) 
30 Mc/sec 
_J 10,200 Mc/sec (h armonic of 100 Mc/sec 
crystal-controlled oscillator) 
Figure 4, Relation of the Frequencies Used in Measuring the 
J=l to J=2 Transition of PCl^o 
The signals from the two klystrons and the transfer oscillator 
are mixed as described earlier. The signal klystron, a Varian X-13, is 
then locked 30 Mc/sec above the sum of the reference klystron (#l) and 
transfer oscillator frequencies. For a transfer oscillator frequency 
of 208 Mc/sec, this puts the signal klystron (#2) at 10,468 Mc/sec ? the 
line center frequency for the J=l to J=2 transition. If the transfer 
oscillator is tuned from 198 to 218 Mc/sec, the signal klystron is 
'pushed" from 10,458 to 10,478 Mc/sec This covers all of the signifi­
cant hyperfine structure while maintaining the phase-lock condition The 
klystron has been tuned over ranges in excess of 100 Mc/sec by this method; 
the continuous tuning range is limited only by the width of the klystron 
mode. By use of a two-speed, reversible motor and a variable-ratio gear, 
tuning speeds from 0.1 to 15.0 Mc/min were obtained. 
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Frequency measurements were made by means of a Hewlett-Packard 
Model 5245L electronic frequency counter 0 The counter was calibrated by 
adjusting a crystal oscillator to give a 5 Mc/sec reading on the counter. 
Upon comparison of this oscillator with the signal from the National 
Bureau of Standards, WWV, a beat frequency of 1 cycle/sec or less was ob­
tained. The counter was then used to count the transfer oscillator fre­
quency. The signal was counted for 0,1 seconds and then the frequency was 
displayed. At convenient intervals a marker was placed on the recorder 
chart ? and the transfer oscillator frequency was recorded. The record­
ings were made at tuning rates less than 5 Mc/min so the 0,1 second average 
leads to frequency errors less than 0,01 Mc/sec at the display time. The 
time lag in placing the marker on the chart probably leads to an additional 
error of about the same size. Examination of Figure 4 makes it clear that 
the uncertainty in the reference klystron (#l) frequency must be added to 
the above mentioned error. The source of this uncertainty is the 100 Mc/sec 
crystal-controlled oscillator in the phase-lock stabilizer. This oscilla­
tor was monitored and found to drift not more than 0,01 kc/sec in a 24 
hour period. This leads to a maximum uncertainty of 0,001 Mc/sec in the 
case of the J=l to J=2 transition for Pdg> since the 102nd multiple of 
the 100 Mc/sec oscillator was used. The largest source of uncertainty 
lies in the assignment of peak positions on the spectrum. This will be 
discussed in connection with the experimental results. This frequency 
measurement technique is advantageous in that it provides an almost con­
tinuous readout of the frequency while sweeping over the spectrum. This 
makes the measurement of the separation of hyperfine lines and the measure­
ment of linewidths more convenient than with previous techniques. 
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The lock-in procedure described above has been used for frequencies 
as high as 20,150 Mc/sec in examining the J=4 to J=5 transition in POCl^. 
In this case the reference klystron frequency was doubled and then mixed 
with the transfer oscillator and the signal klystron,, With proper mixing, 
the lock-in technique should be applicable up to 30 Kmc/sec and perhaps 
higher. Besides the increased stability, this procedure offers a much 
more convenient method for frequency measurement than those commonly used 
in this frequency range. 
The spectrograph used for this investigation had previously uti­
lized an 85 kc/sec preamplifier and a lock-in amplifier which have been 
described by Clayton (36). The lock-in amplifier was replaced by an im­
proved model, the Model HR-8 manufactured by Princeton Applied Research 
Corporation. Since the preamplifier in this model is untuned, it was 
found to be advantageous to use the 85 kc/sec preamplifier mentioned above 
before the HR-8 cut down the off-frequency noise. Otherwise, this noise 
saturated the first stages of the HR-8 in the cases where very weak sig­
nals required large amplifications. This lock-in amplifier has calibrated 
time constants up to 100 seconds. By slowing the tuning rate of the kly­
stron, time constants up to 30 seconds were used to advantage in data 
collection. 
Data Collection Procedures 
The vapor pressure of phosphorous trichloride, PCl^, at dry ice 
temperature (-78.5 degrees Centigrade) appeared to be about 0.06 mm Hg 0 
This agrees with a calculated value of 0.06 mm Hg using the formula: 
, /Dv - 0.05223a . , 
iog 1 0(P) = ^ + b 
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obtained from the Handbook of Chemistry and Physics published by the 
Chemical Rubber Company, The empirical parameters a and b were deter­
mined for pressures 1, 5 and 10 mm Hg from data given in the Handbook 
and used for an approximation at -80 degrees Centigrade. The vapor 
pressure P is in mm Hg and T is the temperature in degrees Centigrade, 
All data on PCl^ was taken at a temperature of about -80 degrees Centi­
grade, obtained by placing dry ice directly on the waveguide. 
The reliability of the pressure measurements made in the course 
of this experiment is not known. The pressure measurements were made with 
a Pirani gauge which must be calibrated for each individual gas; measure­
ments for different gases can vary several percent. Calibrations have 
not been obtained for PCI and P0C1 . The ordinary procedure is to cali-
brate the Pirani gauge for a given gas using a McLeod gauge. This is im­
practical in the case of PCl^ and POClg since they would react strongly 
with the mercury in the McLeod gauge. The Pirani gauge was calibrated 
for air using the McLeod gauge. The agreement of the calculated vapor 
pressure with the Pirani gauge reading indicates that the calibration for 
Pcl^ is not drastically different from that for air. 
The spectrum of PCl^ proved to be very sensitive to the microwave 
power level. The microwave power was attenuated until an optimum spect­
rum was obtained. Increasing the power above the optimum led to general 
lowering of the peak intensities and some apparent alteration of the re­
lative intensities of the hyperfine lines. 
It was found that the power saturation problem could be minimized 
by working at low pressures,. Low pressures also enhance the resolution 
and minimize the effect of the pressure broadening on the hyperfine line 
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separations. The best results for PCl^ were obtained by pumping con­
tinuously on the cell after it had reached an equilibrium near -80 degrees 
Centigrade. The pumping process could be carried on for several hours 
while the condensed PCl^ i n "the waveguide evaporated to maintain a fairly 
uniform pressure. The main disadvantage of this method was that no ac­
curate indication of the pressure in the waveguide was obtainable while 
pumping. 
The sample, at room temperature, was introduced into the cooled 
waveguide at the end opposite the pump. The source was then shut off 
and the sample in the waveguide allowed to condense down to its vapor pres­
sure. The waveguide was then pumped until all the sample was removed. 
Data was taken during this time which, as mentioned above, was sometimes 
several hours. 
Phosphoryl chloride, POCl^, is a solid at -80 degrees Centigrade 
and does not have enough vapor pressure to produce a detectable micro­
wave spectrum. However, it must be cooled below zero degrees Centigrade 
in order to obtain the rotational energy level population necessary for 
a satisfactory signal-to-noise ratio. With thin plastic foam strips 
placed on the waveguide and with dry ice placed on the strips, the temper­
ature was found to drift downward slowly enough that data could be taken 
at temperatures ranging from zero degrees Centigrade downward. This 
process usually reached an equilibrium with the vapor pressure of POCl^ 
somewHere between 5 and 20 microns Hg, as indicated by the Pirani gauge. 
Pressures lower than this could be obtained by pumping. The most useful 
data was taken between 5 and 30 microns Hg. The pressure broadening of 
the lines in P0C1 is quite large because of the molecule's large dipole 
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moment, so pressures below 30 microns Hg were necessary to obtain s a t i s ­
fac to ry r e sb lu t i on of the hyperfine s t r u c t u r e . The spectrum of was 
not so s e n s i t i v e to the microwave power l e v e l as that of PCI . 
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CHAPTER III 
QUADRUPOLE INTERACTION THEORY 
The theory of the electric quadrupole interaction for the case 
of three identical quadrupolar nuclei in a symmetric-top molecule has 
been treated in detail by Svidzinskii (13) and by A. Wolf (14)., Wolf 
utilized the work of Svidzinskii and avLso the earlier treatments of 
Bersohn ( 3 ) and P. N. Wolfe ( 5 ) . A summary of A. Wolf's work is given 
here in order to provide the results necessary for the calculation of 
the hyperfine structure and to establish a foundation for the treatment 
of the Stark effect. In Chapter IV the theory is extended to treat the 
Stark effect in the presence of hyperfine structure. 
Svidzinskii and A. Wolf took full advantage of the symmetry of 
the molecular system. The amount of labor involved in the hyperfine 
structure calculation was greatly reduced by choosing nuclear spin eigen­
vectors which are basis vectors for irreducible representations of the 
group of permutations of the three identical nuclei. There are no matrix 
elements of the Hamiltonian between basis vectors of different irreduc­
ible representations, so this reduces the number of matrix elements 
which must be calculated. 
The basic assumptions involved in the theory are listed below: 
1, The electronic charge does not penetrate the nucleus. 
2. The quadrupole interaction Hamiltonian is diagonal in the 
rotational angular momentum J. (This is a reasonable assump­
tion since the separation between rotational levels is much 
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larger than the quadrupole interaction energy.) 
3. The electrostatic potential is symmetric about the Cl-X axis 
in the XCl^ structure.. 
The State Function 
For the hyperfine structure calculation, the rotational part of 
the wavefunction and the spin part will be discussed separately. The 
total wave function must satisfy the Pauli exclusion principle under the 
exchange of two identical nuclei by changing sign if the spins are half-
integral and maintaining the same sign if the spins are integral. This 
imposes some restrictions on the eigenvectors used for construction of 
the state function.. 
The Hamiltonian remains unchanged under any permutation of the 
three identical nuclei. This is equivalent to saying that the Hamiltonian 
commutes with the permutation operators. If linear combinations of the 
resultant spin eigenvectors can be found which will serve as the basis 
vectors for one irreducible representation of the group of permutations 
of three objects, then there will be no matrix elements of the^quadrupole 
Hamiltonian between these basis vectors and the basis vectors for other 
irreducible representations. This is a result of group theory (37), and 
it will allow a considerable simplification of the quadrupole hyperfine 
structure calculation. 
As is well known, the group of permutations of three objects has 
three irreducible representations: totally symmetric, A ; antisymmetric, 
(2) 
A ; and the two-dimensional representation, E. The matrices represent­
ing the elements of this group are given in Appendix A. If 0 R represents 
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any operator in the group and u\ a complete set of linearly independent 
functions, then a representation R of the operator can be generated by 
0 nU. = V R..U. (III-1) 
R i Li j i j 
where R is an element of the representation matrix R. 
The set of functions u\ is a basis for the representation R and 
a set u\ exists such that R is an irreducible representation. If there 
is more than one irreducible representation, then there will be corre­
sponding sets of vectors u| V^ such that 
0 n f v ) = y
 R(Y )u(v ) ( i n - 2 ) 
R i L ji j 
j=l 
where R j ^ is a n element of the v"^ irreducible representation of the 
operator 0 „ 
In order to obtain a linear combination of resultant spin eigenvec­
tors which will serve as a basis for an irreducible representation of the 
group, a projection operator P is defined which will operate on the spin 
eigenvectors to give a function which will transform like one row of an 
irreducible representation (if there is more than one row). That is, 
P < w ) U = u £ w ) (III-3) 
where U is any function which can be expressed in terms of the basis set 
of the w"^ irreducible representation, and U^ w^ is a function which belongs 
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~b h t h 
to the k row of the w representation. Such an operator has the 
form (38) 
p(w) 3\yR(w)* 
k g 
R 
t h 
where n^ is the dimension of the w irreducible representation and g 
is the order of the group. 
Referring to Figure 6, the resultant nuclear spin is obtained by-
coupling the spin of nucleus 2 to that of nuceus 3 to obtain an inter­
mediate angular momentum L, and then coupling the spin of nucleus 1 to 
L to obtain the resultant angular momentum I. The resultant vector is 
denoted by u(LI). 
t h 
A normalized eigenvector u(w^l) which transforms like the k row 
t h 
of the w representation can be obtained by use of the projection oper­
ator as follows (34): 
£ (u (L'l),p£ w )u(Ll))u (L'l) 
1 
" ( U ( L I ) , P £ W ) U ( L I ) ) ] ' 
u(w,l)= — 7 7 ^ (HI-5) 
where (u(LI),P^ w^u(LI)) is a matrix element of the projection operator. 
From the definition of the projection operator, equation III-4, these 
matrix elements have the form 
(U(L'f),,P1[w)u(Ll)) *f ^.R^ )' f(u(L'l),S Ru(Ll)) (III-6) 
R 
Figure 6. Geometry of Molecular System. 
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W H E R E A R E T H E O P E R A T O R S W H I C H P E R M U T E T H E S P I N C O O R D I N A T E S A M O N G T H E 
I D E N T I C A L N U C L E I . T H E M A T R I X E L E M E N T S O F T H E S E P E R M U T A T I O N O P E R A T O R S 
H A V E B E E N E V A L U A T E D B Y W O L F A N D A R E R E P R O D U C E D I N A P P E N D I X A 0 
T H E E X P A N S I O N C O E F F I C I E N T S I N E Q U A T I O N I I I - 5 A B O V E A R E C A L L E D 
G E N E A L O G I C A L C O E F F I C I E N T S O R C O E F F I C I E N T S O F F R A C T I O N A L P A R E N T A G E . T H E Y 
A R E A L S O T A B U L A T E D I N A P P E N D I X A . I F T H E S E C O E F F I C I E N T S A R E D E N O T E D B Y 
G ( W , L L ) T H E N E Q U A T I O N I I I - 5 B E C O M E S 
N O T E T H A T T H E G E N E A L O G I C A L C O E F F I C I E N T S A R E D E P E N D E N T U P O N T H E I N T E R M E D ­
I A T E A N G U L A R M O M E N T U M L . H O W E V E R , T H I S D E P E N D E N C E I S A P P A R E N T O N L Y I N 
T H E P H A S E O F T H E C O E F F I C I E N T S . F O R T H E O N E D I M E N S I O N A L R E P R E S E N T A T I O N S 
R E P R E S E N T A T I O N E , E I T H E R B O T H U P P E R O R B O T H L O W E R S I G N S F O R T H E E ^ A N D E , 
C O E F F I C I E N T S U N D E R A G I V E N I M U S T B E C H O S E N . T H I S D O E S N O T A F F E C T T H E 
C H O I C E O F S I G N S U N D E R A N Y O T H E R V A L U E O F I . 
T H E S P I N F U N C T I O N S I N E Q U A T I O N I I I - 5 H A V E T H E D E S I R E D F O R M A N D 
T H E I R B E H A V I O R U N D E R P E R M U T A T I O N O F T H E S P I N C O O R D I N A T E S I S K N O W N . T H E 
V I B R A T I O N A N D R O T A T I O N P A R T S O F T H E W A V E F U N C T I O N W I L L H A V E T H E R E Q U I R E D 
S Y M M E T R Y U N D E R I N T E R C H A N G E O F T H E S P A T I A L C O O R D I N A T E S O F T H E I D E N T I C A L 
N U C L E I . 
T H E R O T A T I O N A L P A R T O F T H E W A V E F U N C T I O N I S C H A R A C T E R I Z E D B Y T H E 
Q U A N T U M N U M B E R S J A N D K , R E P R E S E N T I N G T H E R O T A T I O N A L A N G U L A R M O M E N T U M 
A N D I T S P R O J E C T I O N A L O N G T H E M O L E C U L A R S Y M M E T R Y A X I S R E S P E C T I V E L Y . T H E 
( I I I - 7 ) 
A N D A 
(2) 
T H E C H O I C E O F P H A S E I S I M M A T E R I A L . F O R T H E T W O D I M E N S I O N A L 
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two lowest vibrational staes for molecules of the form yx^ or zyx are charcterized by the quantum numbers v=0 and v=l and have the symetry (-l)v under inversion of the molecule. this is most familar in the case of nh^. in molecules like pcl^ and pocl^ thes staes are esen­tialy degnerate and together constiute the gound vibrational state. since the proces for permuting identical nuclei includes an inversion operation (40), the quantum number v is necsary for charcterizng the stae function. when the vibration and rotaion parts of the wave-function are include, the resultant function is denoted by u(vjkw, if) 
k 
wher f is the toal angular moentum obtained by coupling i and j. 
linear combinations of the functions u(vjkw« if) can be found wnich have 
K ' 
the proper symetry under exchange of any two of the identical nuclei. 
if k is zero or a multiple of thre, only linear combinations of symetryofthetalwavefunction. thapropriae stae functosfr tiscaseare (41) functions havngspinparsof symetry a 
 a (2)cnivethprper 
^[u(vjka(l)if)2 (ii-8) J+v+2j u(vj-kaui^f)] 
and 
= — FU(vjk(2)if) 
- (-d J+v+2ju(vj-kavz;if)j 
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where E _., indicates the rotation and vibration part of the wavefunction 
vJK 
and j is the spin of each of the identical nuclei. 
For K is not a multiple of three, combinations of functions with 
symmetry E are required to give the proper symmetry for the total wave-
function. The proper wavefunction is (42) 
u ( E v J K E I F ) = \ [u(vJKE 2IF) + ( - l ) J " v ^ J u (vJ-KE^F)] (liI-9) 
+ \ [u(vJKE 1IF) - ( - l ) J + v + 2 j u(vJ-KE 1IF)] 
where the subscripts 1 and 2 on E indicate the rows of the two dimensional 
representation, 
Matrix Elements of the Quadrupole Interaction 
• Hamiltonian 
The electrostatic potential energy of a nucleus due to the sur­
rounding electrons in a molecule is of the form 
W = - e 2 V U U dv dv flll-IO) 
n/_ji- -imnmn 
U U m
r „ - r . 
i,J 1 ei pj 
where U and U are the state functions of the molecular electrons and 
m n 
th 
the nucleus respectively, r ^ is the position vector of the i electron 
in a space-fixed'frame, T ^ is the position vector of the j " ^ proton In a 
space-fixed frame, and the integral is evaluated over the coordinates of 
all electrons arid protons• 
A multipole expansion of the above yields the familiar result 
H Q = VE:Q (111-11) 
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for the quadrupole part of the Hamiltonian, where E Is the electric field 
at the nucleus, and Q is the electric quadrupole moment operator for the 
nucleus. This Hamiltonian is the scalar product of second rank irredu­
cible tensor operators. Wolf writes this Hamiltonian as 
H = A°B (111-12) 
so this notation will be used hereafter in this treatment. 
The total interaction energy of the three quadrupolar nuclei is 
just three times the interaction energy of one of them taken separately (43) 
The energy will be expressed in terms of nucleus 1 (Figure 6 ). The coup­
ling scheme is: 
J 2 + j 3 = L ; j 1 + L = I ; J + I = F. (111-13) 
Using the representation u(vJKIF) without regard to symmetry 
gives 
(u(vJK 8I»F),A°B u(vJKIF)) = (III-14) 
( - l ) J + I ' + F V2 LJ jWvJK'il A|| vJK)(r || B|| I) 
for the matrix elements of the Hamiltonian (44), In this expression"'" 
the curly brackets | j represent the Wigner 6-J symbol (47). The reduced 
matrix element of A is non-zero only for K !-K = 0 or ±2. The non-zero 
elements are (45) 
(vJK|| A|| vJK) = (-l) J + K(2J+l) ^ I ^ l-£|sJai (lH-15) 
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- r -I [J 2 J\q\/6~ (cos(a)-l) 
(vJ - l|| A11 vJl) = (vJl || A|| vJ - l) = ( - 1 ) J i (2J+l ) L_2 J 1 2 
The large brackets ^  j represent the Wigner 3-J symbol (47)„ The symbol 
q represents — r , where V is the potential at the nucleus due to the elec-
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trons, and a represents a coordinate along the bond axis. In obtaining 
the above expressions in terms of the second derivative of the potential 
with respect to the bond axis coordinate, the charge distribution was as­
sumed to be symmetric about the bond axis. The angle a is the bond angle 
Cl-X-Cl, If the symmetry axis of the charge distribution is not along 
the bond axis due to an interaction with some other nucleus in the mole­
cule, e 0g 0 the oxygen nucleus in POCl^, then the effective value of "a" 
in equation 111-15 would be altered. 
The reduced matrix element of B is given by 
(I' || B|| I) = ( _ 1 ) J 1 + L + I + 2 [(21 + 1)(2I« + l ) ] 1 / 2 P1 
(111-16) 
where is the spin of nucleus 1 and L is the intermediate angular mo­
mentum obtained by coupling and j^- The reduced matrix element 
CJX|| B[ | J : ) is 
(j, I  B|| j ) =—^ =F eQ 
XH 0 K 
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in this case, where j ^ = 3/2 for the chlorine nucleus. The term eQ is 
the quadrupole moment defined by 
eQ = f U e(3z 2 - r 2)U dv (III-18) 
J n n n 
where the integral is to be evaluated for the state in which the angu­
lar momentum has its maximum projection along the space-fixed z axis 0 
When the wavefunctions are transformed according to equation 
III-7 and a factor of three introduced to account for the sum over the 
three quadrupolar nuclei, the matrix elements take the form 
(u(vJK'w,I'F),A°B u(vJKw IF)) = (lH-19) 
K k 
l + F f F I' J| 
3(-l) S > (vJK* I A|| vJK)(w, I' [I B|| w, I) 
2 J I K K 
where 
(w kI' || B|| w k l ) = £ G(w kL'l)(L'I || B|| L'l)G(w L'l) 
L' 
Equation 111-19 reduces to 
(ufvJK'w I'F), A°B u(vJKw kIF)) = (lII-20) 
( - l ) j + J + F <[F 1 Jl (vJK' || A|| vJK)(j || B|| j)C(w.I'l) 
2 J I 1 
with the use of equation 111-16, where C(w kI"l) is a nuclear reduc­
tion coefficient defined by 
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C(WkI'l) = 3 ( - l ) I ! + I [(2I+l)(2I'+l)] l / 2 (HI-21) 
^ ( - I T G(WkL'I') | ^ J> G(WkL«l) 
These reduction coefficients are reproduced in Appendix A 0 The 
coefficients listed there are obtained by using either all the upper 
signs or all the lower signs in the genealogical coefficient table. 
The reduction coefficients are symmetric In I' and I „ 
As a final step, linear combinations of these elements must be 
taken to get the matrix elements with the correct state functions given 
by III-8 and 111-9- The result for K=0 or K equal to a multiple of three 
is 
( u ( E J K A ( l ' 2 ) I ' F ) , A - B u ( E J K A ( l ' 2 ) I F ) ) = (111-22) 
( - l ) J + F + j | ^ * (vJK|| A|| vJK)(j || B|| j)C ( A ( l' 2 )I'l) 
For K not equal to a multiple of three the matrix elements are 
given by 
(u(E J KEI'F),A'B u(E J KEIF)) = (111-23) 
(-DJ+F+J<P^  J\ ( j | | B|| j ) [C(+ , I ' , l)(vJK|| A | | vJK) 
+ (_i) J + v + 2J c(-,I ' , l)(vJK|| A | | vJ-K)] 
3 6 
where 
C(+,I',I) = \ [C(E 2I'I) + C(E 1I'I)] 
C(-,I',l) = \ [C(E 2I'I) - C(E 1I'I)] . 
Note that the term (vJK|| A | | V J K - K ) in equation 1 1 1 - 2 3 is non-zero only 
when K=l and thus the v = 0 and v=l states are degenerate except when 
The relative intensities of the quadrupole hyperfine components 
are proportional to the square of the dipole moment matrix elements be­
tween the initial and final states. When the matrices of the quadrupole 
interaction Hamiltonian are diagonalized, the state function for a given 
hyperfine level, T, is 
where B are the matrix elements of the diagronalizing transformation, 
and Mp is the projection of the total angular momentum F onto the space 
fixed z axis. The relative intensity for a transition from an initial 
state T to a final state T 1 as worked out by Wolf ( 4 6 ) is 
K=l. 
Relative Intensities of Hyperfine Components 
I 
37 
N = d 2 ( 2 F 1 + l ) ( 2 F f + l) 
-i2 
J+I+F'+l 
I 
wher "d ! is the dipole moment of the molecule. For microwave absorp­
tion transitions, the rotational angular momentum goes from J to J+l. 
The development of the above relationship will be discussed in more de­
tail in dhapter IV where the Stark effect in the presence of hyperfine 
structure is presented. 
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C H A P T E R I V 
S T A R K E F F E C T W I T H Q U A D R U P O L E I N T E R A C T I O N 
T h e t h e o r y of t h e S t a r k e f f e c t on s y m m e t r i c - t o p m o l e c u l e s w i t h 
n u c l e a r q u a d r u p o l e i n t e r a c t i o n h a s b e e n t r e a t e d by L o w a n d T o w n e s ( 4 8 ) , 
H o w e v e r , t h e c h o i c e o f w a v e f u n c t i o n s in t h a t t r e a t m e n t is n o t c o n v e n i e n t 
for t h e c a s e o f i n t e r e s t h e r e , n a m e l y t h e c a s e o f m o l e c u l e s w i t h t h r e e 
i d e n t i c a l q u a d r u p o l a r n u c l e i . T h e e i g e n v e c t o r s w o r k e d o u t by S v i d z i n ­
s k i i ( 4 9 ) a r e m o r e c o n v e n i e n t s i n c e t h e y t a k e a d v a n t a g e o f t h e s y m m e t r y 
i n h e r e n t in t h i s t y p e o f m o l e c u l e . T h e s e e i g e n v e c t o r s a r d l i s t e d in 
e q u a t i o n s I I 1 - 8 a n d I I I — 9 . 
T h e i n t e r m e d i a t e f i e l d c a s e d i s c u s s e d by L o w and T o w n e s is t h e 
c a s e w h i c h is a p p r o p r i a t e f o r t h i s c a l c u l a t i o n s i n c e t h e S t a r k a n d 
q u a d r u p o l e i n t e r a c t i o n s a r e o f c o m p a r a b l e m a g n i t u d e f o r t h e e l e c t r i c 
f i e l d s t r e n g t h s o f i n t e r e s t . T h e i n t e r a c t i o n H a m i l t o n i a n w h i c h m u s t b e 
u s e d f o r t h e f i r s t o r d e r e n e r g y c a l c u l a t i o n is o f t h e f o r m 
H T _ = H + H 1 + H 0 + H 0 ( I V - 1 ) 
I n t e r a c t i o n s ql q 2 q 3 
w h e r e H ^ is t h e q u a d r u p o l e i n t e r a c t i o n H a m i l t o n i a n f o r n u c l e u s i a n d 
H is t h e S t a r k i n t e r a c t i o n H a m i l t o n i a n . 
s 
A s d i s c u s s e d in t h e p r e v i o u s c h a p t e r , t h e r e p r e s e n t a t i o n s g i v e n 
b y e q u a t i o n s I I I - 8 and I I I - 9 a r e a p p r o p r i a t e f o r t h e c a l c u l a t i o n o f t h e 
q u a d r u p o l e m a t r i x e l e m e n t s . T h e s e r e p r e s e n t a t i o n s w i l l a l s o b e u s e d 
f o r t h e c a l c u l a t i o n o f t h e m a t r i x e l e m e n t s o f t h e a b o v e i n t e r a c t i o n 
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Hamiltonian. The matrix elements of the quadrupole part H n + H + H 
4 1 q 2 q 3 
are those listed in equations 111-22 and III-23. The matrix elements of 
the Stark part H g contain several terms, typical of which is the follow­
ing : 
(vJKw, I F M J H Iv'J'K'w, F ' M ' ) . 
k F 1 s 1 k F 
t h t h 
In this expression w^ . represents the k row of the w irreducible 
representation of the group of permutations of three objects. The quan­
tum number Mp was not included in the discussion of Chapter III since the 
quadrupole Hamiltonian is independent of the spatial orientation of F „ 
With the use of equation III-7 this term can be expressed as 
£ G * ( w K L I ) G ( w K L I ) ( v J K L I F M p | H g | v 1 J 1 K ' L I F ' M p ' ) . 
L 
Use will be made of the fact that H g is diagonal with respect to all 
spin quantum numbers since it does not interact with the spin. The 
matrix elements above are independent of the intermediate spin angular 
momentum L, and therefore it can be eliminated from the notation,. Due 
to the normalization of the eignvectors in equation III-7, carrying 
out the summation above yields 
(vJKIFMplHjv'J'K'IF'Mp' ), 
as may be verified by substituting the genealogical coefficients 
G(w,Ll) from Appendix A for any w, . 
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With the use of equations III-8 and III-9, the matrix elements of 
for any value of K are seen to be 1 [ ( V J K I F M J H IV'J'K'IF'Ml) (lV-2) 
2 r 1 s r 
+ (-l) J + J , + v + v'(VJ - K I F M^lH IV'J '-K'IF'M'L . 
F 1 s 1 F J 
For the first order Stark calculation, elements off-diagonal in J will be 
neglected. 
The spherical tensor notation defined by Edmonds (50) is conven­
ient for writing the matrix elements of the Stark effect Hamiltonian. 
In this notation the Hamiltonian can be written 
H = V d ^ E (IV-3) 
s Li u. u. 
where (l) denotes a tensor of rank one, and u. can take the values 1, 
0, and -1 with the following connotations: 
D(D =^L ( D(D + I D(D) 
1 r, X V 
0 z 
D(I) BZJ^(D(I) _ I D(D) 
-1
 0 x y 
The matrix elements required are of the form 
(vJKIFNL ID^E IV'J'K'IF'M') . (lV-4) 
F 1 u. [i 1 F 
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By use of the Wigner-Eckert Theorem (51), equation IV-4 can be put in the 
form 
(_1) F" M F f ^ ( V J K I F H d ^ || v'J'K'IF' )uE (lV-5) 
V M F ^ M F / 
where (vJKIF||d || v'J'K'IF 1) is the reduced matrix element of the di­
pole moment operator, and the large parentheses represent a Wigner 3-J 
symbolo If the space-fixed z-axis is chosen as the direction of the uni­
form electric field, only the u = 0 component of d will contribute to 
the Stark interaction. The subscript u will subsequently be dropped 
from E^ with the assumption that E is along the z-axis. The matrix ele­
ments of the dipole moment operator are then diagonal in M since the 
r 
sum of the indices in the bottom row of the 3-J symbol must be zero for-J 
the 3-J symbol to be non-zero. 
The use of equation 7.1.7 of Edmonds (52) gives 
(vJKIF || d ^ || v'J 'JC'IF' ) = (IV-6) 
( _ l ) J ' + I + F , + 1 [ ( 2 F + l ) ( 2 F ' + l ) ] l / 2 | J F 1 (vJK|| d ( l ) || v'J'K') 
\j' J' lj 
for the reduced matrix element of equation IV-5. Parity considerations 
lead one to the conclusion that the dipole moment matrix elements are 
non-zero only for v = v'±l. Since the dipole moment is an odd operator, 
it can connect only states of different inversion symmetry. This is the 
effect which leads to the zero first order Stark effect in the inversion 
spectrum of the NH^ molecule. 
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(L) 
FOLLOWS (53): 
(VJK || D ^ || V'J'K1 ) = (IV-7) 
= [(2J+L)(2J+L)]L/2(-L)J-K ^  
= 0 IF V* - V = 0 
J' J I\ 
J D IFV'-V=±L 
K' -K 0/ 
THE SYMBOL D NOW REPRESENTS THE DIPOLE MOMENT OF THE MOLECULE OF INTER­
EST. THE SYMMETRY PROPERTIES OF THE 3-J SYMBOL LEAD TO THE SELECTION 
RULE AK = OO THE 3-J SYMBOL PROPERTY (54) 
'
JL J 2 J 3 V (_1)JL+J2+J3 J L J2 J3 
M2 M3/ V MI ~M2 ~M3. 
GIVES THE RESULT 
(VJK|| D ^ || V'J'K) = -(VJ-K|| D ^ || V'J'- K) IF J = J 
= (VJ-K|| D ^ || V'J'-K) IF J = J' ± 1 
THE MATRIX ELEMENTS OF THE STARK EFFECT PART OF THE INTERACTION 
HAMILTONIAN IV-1 CAN NOW BE EVALUATED. THE MATRIX ELEMENTS FOR ANY VALUE 
OF K MAY BE OBTAINED BY SUBSTITUTING INTO EQUATION IV-2„ THESE MATRIX 
ELEMENTS ARE GIVEN BY 
THE MATRIX ELEMENT (VJK || D || V'J'K') CAN BE FURTHER REDUCED AS 
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(vJKwIFM F|H s|v'J'K'wIF'Mp) = ( - 1 ) F + F ' + J + J ' - K + I + 1 ( I V_ 8) 
, / F 1 F \ /J' 1 j \ J F I 
• [(2J+1)(2J"+1)(2F+1)(2F'+1)] 1 / Z \l ^Ed 
\-M p 0 M p / \K' 0 K / | F ' J* lj 
if v'=v±l 0 If v'=v the matrix elements are zero- In the above expres­
sion 'w' represents any one of the irreducible representations A ^ \ 
and E of the group of permutations of three objects- As previously men­
tioned, the condition that the bottom three elements in the 3-J symbol 
sum to zero allows non-zero matrix elements only if 
K' = K; Mp = Mp „ 
The top three angular momenta a, b, and c in a 3-J symbol must satisfy 
the triangular conditions 
a+b-c > 0; a-b+c > 0; -a+b+c > 0 
and the sum a+b+c must be an integer. These conditions give the addi­
tional requirements 
F ' - F = 0, ±1 
J' - J = 0, ±1 
for non-zero matrix elements. Only the terms for which J'=J are included 
in the first order Stark calculation. Therefore, equation IV-8 reduces 
to 
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(vJKwIFAL, H v'JKwIF'M.) = (2J+l)(-l) 
r s r 
F+F'-M +I-K+1 (IV-9) 
0
 [(2F+1)(2F'+1)] 1/2 
-M_ 0 M. 
F 1 F J 1 J 
K 0 -K 
J F I 
F' J 1 
Edo 
As a preliminary check on this expression for the Stark effect 
matrix element, it can be assumed for no coupling that 1-0 and F=J 0 The 
matrix element above reduces to 
With the use of explicit expressions for the 3-J and 6-J symbols given 
by Edmonds (55), the above expression becomes 
*v iis the result for the Stark splitting of a rotational level in the 
absence of the quadrupole interaction (56)» 
The matrices for the interaction Hamiltonian IV-1 can be calculated 
with the use of equation IV-9 and the appropriate choice of either 111-22 
or 111-23, depending upon the value of K 0 Note that the quadrupole part 
of the Hamiltonian is diagonal with respect to the inversion symmetry v. 
This feature made possible the separation of the v=0 and v=l levels in 
the quadrupole calculation in the absence of an applied electric field. 
The Stark effect part of the Hamiltonian is off-diagonal in v, a fact 
which increases the order of the secular equations which must be solved 
MTKEd 
J(J+1) 
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for the energy levels of the Hamiltonian IV-1. In the quadrupole calcu­
lation for the J=l to J=2, K=l transition the largest secular equation 
was of order four. However, when the Stark efect is aded, the largest 
secular equation is of order 28. 
By use of the Buroughs B-50  computer, the matrices for J=l 
and J=2, K=l were calculated and diagonalized, and the transition fre­
quencies and intensities for al lines in the J=l to J=2, K=l rotational 
transition were obtained. The intensity calculation is discused below, 
and the computer solution is discused in Apendix Bo A typical matrix 
is shown in Figure 8, with the alowed ranges of the various quantum 
numbers. This particular matrix is for the case J=l and Mp = 7/2 (The Hamiltonian is diagonal in Mp.). The leter S represents a Stark efect 
element and Q a quadrupole interaction element. 
F -9/2 9/2 7/2 7/2 7/2 7/2 
I = 7/2 7/2 7/2 7/2 5/2 5/2 
F I v ~ 0 1 0 1 0 1 
9/2 7/2 0 — Q S 0 S 0 0 9/2 7/2 1 S Q S 0 0 0 
7/2 7/2 0 0 S JO S JO 0 
7/2 7/2 1 S 0 S Q 0 Q 
7/2 5/2 0 0 0 JO 0 Q S 
7/2 5/2 1 0 0 0 Q S Cf 
Figure 7. Ilustration of Matrix for J=l, M = 7/2, K=l 
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Note that the maximum value that I can take is 7/2 in this case 
where K is not a multiple of three,, A resultant spin of 9/2 would corre­
spond to having all three spins in the same direction, A wavefunction 
with the correct symmetry under exchange of identical nuclei cannot be 
constructed when the three spins are parallel unless the spatial part of 
the wavefunction is antisymmetric under exchange of any two identical 
nuclei. This occurs only when K=0 or K equal to a multiple of three. 
The other matrices can be built up in a similar manner by consid­
eration of the selection rules and the limits on the various quantum num­
bers. In no case do the non-zero matrix elements extend more than five 
elements away from the diagonal, but the matrices constructed as in the 
Illustration cannot be broken down into smaller matrices. As previously 
mentioned, the matrices are as large as 28 x 28 in some cases. 
One property of the Stark matrices does produce a simplification 
in the calculation which is not apparent upon first examination of the 
matrix elements. The dependence of the Stark matrix elements upon the 
quantum number M from equation IV-9 is 
If M is replaced by -M this becomes 
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Thus the dependence on the sign of Mp is expressed by 
( _ 1 ) F + 1 + F ' 
Depending on the values of F and F 1, the element may change sign or re­
tain the same sign upon replacing Mp by -Mp, Thus it appears that the 
calculation of the eigenvalues must be done separately for the plus and 
minus Mp values. However, when the secular equations are constructed, 
the elements which change sign Mp always occur in even order products so 
that the same secular equations are obtained for plus and minus Mp, As 
a confirmation of this, the computer program was run with both plus and 
minus values of M„ and identical results were obtained*. This circumstance 
r 
reduces the amount of calculation that must be done by a factor of two. 
Intensity Calculation 
If jf^) and jf^) represent the eigenvectors associated with the 
eigenvalues f^ and f , the intensity of a transition from f^ to f^ is 
proportional to 
\(tyi)\f2)\2 
where d ^ ^ is the dipole moment operator. The expression for this quan­
tity in terms of a particular representation was discussed in Chapter III, 
The appropriate representation here is |vJKIFMp), after the non-essential 
spin parts are removed. 
The expression for the relative intensity of a transition from f^ 
to f 0 is then 
48 
£ (vJKIFMp|f1)(v'J,KIF'MF|f2) (IV-IO) 
T *M F F 
v = v 
(vJKIFM |d^  |v'JIKIF'M ) i 2 
The matrix element of the dipole moment apearing above is given by-
equation IV-8 if the electric field E is deleted in that equation. That 
is, this matrix element is the same as that calculated for the Stark in­
teraction except for a factor of electric field strength. The elements 
for J*=J+1 are of interest here. The coeficients in equation IV-10 are 
the eigenvector components obtained from the diagonalizing transformation 
These quantities were obtained and the intensities calculated with the 
aid of the computer program in Apendix B. 
Stark Efect in the Absence of Quadrupole Spliting 
The first order spliting of a rotational level in a symetric 
top molecule due to the presence of an electric field E is given by (57) 
-uEM K 
JTJ+IT ( I V" U ) in the absence of perturbing efects such as the quadrupole interaction. 
In this case u is the dipole moment and J, M^, and K are the symetric-
top quantum numbers. When the aplied field E is paralel to the micro­
wave E vector, the selection rule on Uj is AM^  = 0. For a transition J 
to J+l the above spliting leads to an absorption frequency 
4 9 
2M Kp,E 
v = 2 B ( J + 1 ) + — „ ( I V - 1 2 ) 
J ( j + l ) ( j + 2 ) h 
T h e t e r m 2 B ( j + l ) is t h e u n p e r t u r b e d f r e q u e n c y o f t h e r o t a t i o n a l t r a n s i ­
tion,, t h e r e f o r e t h e S t a r k d i s p l a c e m e n t is g i v e n b y 
2 M KjiE 
A v = — — . ( I V - 1 3 ) 
J ( j + l ) ( j + 2 ) h 
F o r l a r g e f i e l d s E , t h e q u a d r u p o l e i n t e r a c t i o n c a n b e t r e a t e d a s 
a p e r t u r b a t i o n o n t h e S t a r k e f f e c t , a n d o n e w o u l d e x p e c t t h e h y p e r f i n e 
s t r u c t u r e to b e c e n t e r e d a r o u n d t h e p o s i t i o n s o f t h e s y m m e t r i c - t o p S t a r k 
e f f e c t l i n e s g i v e n b y e q u a t i o n I V - 1 3 , 
T h e S t a r k d i s p l a c e m e n t s a r e o b t a i n e d in M c / s e c by t h e r e l a t i o n 
A v = 
2 M J I ^ i V ( 0 . 5 0 3 4 8 M c / s e c \
 ( i v _ 1 4 ) 
J ( j + l ) ( j + 2 ) d \ d e b y e v o l t / c m y 
w h e r e V is t h e S t a r k v o l t a g e , a n d d is t h e s e p a r a t i o n b e t w e e n t h e S t a r k 
e l e c t r o d e a n d t h e w a v e g u i d e w a l l . T h e s e p a r a t i o n d w a s d e t e r m i n e d b y 
a n a l y s i n g t h e S t a r k e f f e c t o f t h e J = 0 to J = l t r a n s i t i o n o f c a r b o n y l sul­
f i d e , O C S 0 T h i s s e p a r a t i o n w a s f o u n d to b e 0 , 4 8 1 ± , 0 0 5 c e n t i m e t e r s . 
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CHAPTER V 
BROADENING OF SPECTRAL LINES 
In order to closely aproximate the experimental spectra, the 
line spectra calculated from the theory must be apropriately broadened. 
Broadening of the spectrum is particularly important when there are a 
large number of components since overlap of the lines may afect the 
apearance of the spectrum considerably. Overlap of lines can shift the 
aparent peak positions and give rise to eroneous frequency asignments. 
In order to at least qualitatively evaluate these efects, the broaden­
ing of spectral lines is briefly reviewed here* 
A number of perturbations on the molecular energy levels spread 
the alowed levels over a finite range and thus give rise to broadening 
of the lines. The relevant sources of broadening, acording to Townes 
.-nd Schawlow (58), are: 
1. Natural line width 
2. Dopler efect 
3. Presure broadening 
4. Saturation broadening 
5. Colisions betwen molecules and the wals 
of the containing vesel. 
The natural line width is negligible in ordinary microwave absorp­
tion experiments. When the frequency of operation is significantly re­
moved from the cut-of frequency of the waveguide, the broadening due to 
the Dopler efect is aproximated by (59) 
5 1 
A V = -^V2kN L N ( 2 ) / T T = 3 , 5 8 X 1 0 " A T V ( V - L ) 
M V M 
W H E R E 
V = F R E Q U E N C Y 
N Q = A V A G A D R O 1 S N U M B E R 
K = B O L T Z M A N N 1 S C O N S T A N T 
T = T E M P E R A T U R E I N D E G R E E S K E L V I N 
M = M O L E C U L A R W E I G H T . 
F O R P C L ^ W I T H A M O L E C U L A R W E I G H T O F 1 3 7 A N D A J = L T O J=2 T R A N S I ­
T I O N F R E Q U E N C Y O F 1 0 4 6 8 M C / S E C , T H E D O P P L E R E F F E C T H A L F - W I D T H A T R O O M 
T E M P E R A T U R E I S 
A V ~ 0 . 0 0 6 M C / S E C , 
F O R P O C L ^ T H I S F I G U R E I S A B O U T 0 . 0 0 4 M C / S E C . A S W I L L B E S H O W N , T H I S I S 
Q U I T E S M A L L C O M P A R E D T O O T H E R S O U R C E S O F B R O A D E N I N G . 
A N E S T I M A T E O F T H E B R O A D E N I N G D U E T O C O L L I S I O N S W I T H T H E W A L L S O F 
T H E W A V E G U I D E M A Y B E O B T A I N E D F R O M A N E L E M E N T A R Y A P P R O A C H G I V E N B Y T O W N E S 
A N D S C H A W L O W ( 6 0 ) . T H E A P P R O X I M A T E L I N E W I D T H D U E T O S U C H C O L L I S I O N S I S 
G I V E N B Y T H E E X P R E S S I O N 
A V = 1 , 0 0 X 1 0 4 ^ M " 1 / / 2 ( V - 2 ) 
W H E R E 
°2 
A = A R E A O F W A L L S I N A 
° 3 
V = V O L U M E O F C E L L I N A 
M = M O L E C U L A R W E I G H T , 
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Again the molecule PCl^ with M = 137 will be considered. In the Stark 
absorption cell used in the experiment, the separation between the Stark 
septum and waveguide wall is 4.81 mm, giving a line width 
Av = 0.003 Mc/sec 
which is approximately the same as that calculated for POCl^ o 
Townes and Schawlow give a treatment of saturation broadening, 
but it is difficult to obtain an estimate of the magnitude of the effect 
because the expressions for the broadening contain parameters such as the 
mean time between collisions which are not easily obtainable experimentally. 
Qualitatively, the effects of saturation broadening are: 
1. lowering of the peak intensity by a factor (l + al) ^ 
l/2 
2. broadening the line by a factor proportional to (l + al) 
where I is the intensity of the microwave radiation. It is notable that 
the magnitude of this effect may differ for different components of the 
line which are split by quadrupole interaction, Stark effect, etc. The 
reason for this is that the factor 'a' in the expressions above contains 
a matrix element of the dipole moment which may vary with the different 
components of the spectrum. 
Since the effects of saturation cannot be easily calculated, the 
alternative is to try to eliminate them by decreasing the intensity of 
the microwave radiation. As was mentioned in Chapter II, a saturation 
problem of some type is apparently present in the case of PCl^. It was 
necessary in that case to reduce the microwave power until the relative 
peak heights of the hyperfine components became independent of the power. 
It was then assumed that the saturation effects were negligible. 
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Pressure Broadening 
"Pressure broadening" is the term applied to broadening caused by 
collisions between molecules, although 'collision 1 in this context does 
not necessarily mean the same thing as it does in kinetic theory. As 
will be discussed further below, the cross-section for interactions be­
tween molecules which give rise to appreciable spectral broadening is 
considerably larger than the cross-section for kinetic theory type colli­
sions . 
Van Vleck and Weisskopf (61) have obtained an expression for the 
broadening of a spectral line due to collisions under the following basic 
assumptions: 
1. The collisions are so strong that the Boltzmann energy dis­
tribution is restored after each collision. 
2. The duration of a collision is short enough that the elec­
tric field does not change appreciably during the collision. 
Assumption 1 is equivalent to saying that the collisions are violent enough 
that the phase of the oscillation after the collision depends only slightly 
upon the phase before the collision, but that there is thermodynamic 
equilibrium between the molecule and the electric field immediately after 
the collision. 
With the exception of the negative frequency resonance term which 
is negligible at the pressures of interest, the line shape obtained by 
Van Vleck and Weisskoph i.s 
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where 
Y = absorption coefficient 
N = number of molecules per unit volume 
f = fraction of molecules in the lower of 
the transition states 
c = speed of light 
k = Boltzmann's constant 
T = temperature in degrees Kelvin 
p.^. = matrix element of the dipole moment 
V q = natural molecular "frequency 
T = mean time between collisions. 
For a wide range of low pressures (up to a few mm of Hg), this relation 
has the following properties: 
1. Peak intensity does not vary with pressure. 
2. The apparent resonant frequency is independent of the 
pressure. 
3. The line width is directly proportional to the pressure. 
These properties have been experimentally verified for NH^ (62) and a 
few other molecules. 
The dependence of the line width at half-maximum upon the pressure 
is expressed by 
Av = l/rru = 2bp 
where p is the pressure and 'b' is some constant which will subsequently 
2 
be referred to as the line width parameter. When Av « v, the term v 
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in equation V-3 can be approximated by a constant. In the case of the 
J=l to J=2 transition of POCl^, which lies at about 8060 Mc/sec, the 
frequency range over which the hyperfine structure spreads is about 40 
Mc/sec. The term v would change by only about one percent over that 
range* Since the frequency ranges of interest will ordinarily be less 
than 40 Mc/sec, the term v will subsequently be approximated by a con­
stant., With this approximation the line shape formula becomes 
(v - vJ2 + (bp)2 
Since only relative intensities will be considered in this treat­
ment, the magnitude of the constant C is of no interest. The line width 
parameter 'b' gives an indication of the cross-section for line-broadening 
interactions. This parameter can be varied to fit the experimental line 
width, and a rough measurement of the collision cross-section can be ob­
tained. This cross-section will ordinarily be larger than that obtained 
from kinetic theory since, due primarily to the interaction of the dipole 
moments of the molecules, the molecules do not have to undergo a kinetic 
theory type collision in order to perturb the molecular energy levels,, 
A typical value for the line width parameter is 20 Mc/mm Hg„ For 
a pressure of 0.025 mm Hg, which is typical for this experiment, the 
pressure broadening line width is about 1 Mc/sec. This is much larger 
than the other sources of broadening discussed. 
A considerable amount of theoretical work has been done on the 
finer details of pressure broadening (63), but the experimental work is 
rather sparse. Since the spectra in this investigation are so complex, 
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they do not provide a satisfactory tool for the investigation of the finer 
details, therefore they will not be discussed here. Under the experimen­
tal conditions of this investigation, the line shapes obtained by more 
refined methods do not differ significantly from the Van Vleck-Weisskopf 
relation. Consequently, equation V-4 above will be used to broaden each 
component line* The broadened lines will then be added to obtain a quali­
tative fit of the experimental spectra. 
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CHAPTER VI 
CALCULATED SPECTRA 
Chapters III, IV and V contain all the material which is necessary 
for a calculation of the quadrupole structure of symmetric-top molecules 
with three identical quadrupolar nuclei. 
Without consideration of the Stark effect, a calculation of the 
line positions and intensities of the quadrupole spectrum can be made 
using the material of Chapter III. In particular, for the J=l to J=2, 
K=l, transition, the matrix elements given by equation 111-23 are appro­
priate. These matrices were calculated and diagonalized, and the line 
positions and intensities were obtained by means of the computer program 
in Appendix B. The line spectrum for the J=l to J=2, K=l transition 
contains 194 lines, the strongest of which are shown in Figure 8, The 
quadrupole coupling constant eqQ and bond angle 'a' characteristic of 
PCl^ were used in Figure 8. This particular rotational transition is 
the most important for analysis of the quadrupole interaction since the 
quadrupole splitting is greater for the lower rotational transitions. 
The splitting of the strongest quadrupole components varies approximately 
as J (64). The J=0 to J=l, K=0 and J=l to J=2, K=0 transitions are 
not observed at low fields with a Stark modulation spectrometer because 
they have no first order Stark effect. 
Note that the spectrum is dominated by two very strong lines of 
equal intensity, denoted in Figure 8 by A and B. There is another pair, 
C and D, of equal intensity which have the same separation as A and B a 
A B 
3/70 eqQ (1 - cos a) 
3/70 eqQ (1 - cos a) 
-4 -3 
r 
-2 -1 4 Mc/sec 
Figure 8. Line Spectrum for PCl^, J = 1 to J = 2 Transition, 
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Exact expressions have been worked out for the positions of the strong­
est lines of the spectrum in terms of the quadrupole coupling constant 
eqQ and the Cl-X-Cl bond angle 'a' (65). The separations A-B and C-D 
are given by 
Av = - | Q eqQ(l-cosa). (VI-l) 
Since the bond angle 'a' is known for the molecules of interest, the 
quadrupole coupling constant eqQ can be determined if the separation of 
the lines A and B can be reliably measured. The present experiment does 
not provide a means for separating the quadrupole moment eQ from the 
second derivative of the potential q. 
Depending upon eqQ and the bond angle, the weaker lines of the 
spectrum, including the secondary pair C and D, are shifted with respect 
to the primary pair A and B. This fact affects the appearance of the ob­
served spectrum. The line spectrum in Figure 8, calculated with the pa­
rameters of PClg, shows that line C lies quite close to line B. When 
broadened by the pressure, these lines overlap, giving a higher absorp­
tion at position B than at A. Thus the higher frequency member of the 
pair A-B appears stronger, as illustrated in Figures 13 and 14. In the 
case of CFCl^, the pair C-D is shifted out so that little overlap occurs. 
A group of smaller lines around A cause it to appear higher, as illus­
trated in Figures 17 and 18. In the calculated spectrum shown in Figure 
9a, the components have been broadened according to the Van Vleck-
Weisskojof relation, equation V-4, and added by the computer. The value 
bp = 0.4 in equation V-4 was used for the broadening. 
As discussed in Chapter II, the nature of the Stark modulation 
-6 -4 -2 0 2 4 6 Mc/sec 
(a) WITHOUT STARK EFFECT 
(b) WITH STARK EFFECT 
Figure 9« Calculated Quadrupole Spectrum for PCI With 
and Without Stark Effect. 
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spectrometer is such that the resultant spectrum is the difference be­
tween the unperturbed and the Stark effect perturbed spectra. If these 
spectra overlap appreciably, the effect of the detection technique on the 
spectrum must be evaluated. For that reason, the Stark perturbed spec­
trum for the J=l to J=2, K^l transition has been calculated. 
A sample calculation using the PCl^ parameters and several dif­
ferent values for the Stark voltage is shown in Figure 10. The lines 
were broadened using bp=l in the Van Vleck-Weiss^opf relation, equation 
V-4. 
The general features of the spectrum consist of two groups of 
lines which move out approximately linearly with the voltage and which 
are approximately symmetrical about the line center and a third group of 
lines close to the line center which moves very little with increasing 
voltage. The group of lines which are concentrated around the line cen­
ter cannot be removed by increasing the Stark voltage and thus must be 
analyzed carefully to determine whether or not they will appreciably al­
ter the measured spacing between lines A and B of Figure 8. This point 
will be discussed in more detail later. 
If there were no quadrupole splitting, the Stark effect for the 
J=l to J=2, K=l transition would be expressed by equation IV-13. It 
would be composed of two symmetrically placed components which move out 
from the center line (i.e., the unperturbed transition frequency 
2(j+l)B) according to the relation Av = p,E/3. For large electric fields 
E, the Stark effect of the symmetric-top molecule with quadrupole split­
ting would be expected to approach this behaviour. That is, the centers 
of the two groups of lines would be expected to move out according to 
6 2 
N — I — I — I — I — I — I — I — I — I — I 
-20 -16 -12 -8 -4 0 4 8 12 16 20 Mc/sec 
(a) STARK FIELD = 104 VOLTS/cm (50 VOLTS) 
~ I — f — I 1 — I — I — I — I 1 — I — I 
-24 -20 -16 -8 -4 0 4 8 16 20 24 Mc/sec 
(b) STARK FIELD = 208 VOLTS/cm (100 VOLTS) 
1 | 1 1 1 1 1 1 1 1 1 
-62 -58 -54 -8 -4 0 4 8 54 58 62 Mc/sec 
(d) STARK FIELD = 624 VOLTS/cm (300 VOLTS) 
A A 
~ I — I — I 1 — I — I — I — I 1 — I — I 
-82 -78 -74 -8 -4 0 4 8 74 78 82 Mc/sec 
(e) STARK FIELD = 832 VOLTS/cm (400 VOLTS) 
Figure 10. Calculated Stark Spectrum for the J = 1 to J = 2 
Transition in PC1_. 
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the relation Av = |iE/3, When the two groups of lines mentioned above 
are pressure broadened and added together, they form a 'line 9 or Stark 
lobe which moves out in a linear fashion with the Stark voltage, or elec­
tric field. The symmetric-top Stark displacement u .E/3 is marked by a 
dasRed jline on the spectra in Figure 10. As can be seen, for u.E > 100 
Mc/sec (voltage > 200 volts in the figure) the line center or peak of 
the Stark component is within less than one percent of the position given 
by u.E/3. Thus for large voltages, the center of the Stark component 
gives a measurement of the dipole moment of the molecule if the electric 
field E is known. 
If one attempted to decide a priori what field strength would be 
required to obtain a good measurement of |i, the most likely criterion 
would be U - E / 3 » ^ Q m a x > where W^ is the splitting of one of the quadru­
pole interaction components. This would be the condition such that the 
quadrupole interaction could be treated as a perturbation on the Stark 
effect. For the PCl^ parameters, W g m a x 1 S approximately 28 Mc/sec. To 
make |iE/3 an order of magnitude larger than this would require voltages 
in excess of 1400 volts on the Stark electrode. The main contributions 
to the quadrupole interaction in PCI occur for W_ less than 5 Mc/sec, 
Even in this case it i s not clear from a superficial examination of the 
theory that a dipole moment measurement of POl^ could be made with volt­
ages as low as 200 volts. However, the detailed calculation illustrated 
in Figure 10 indicates that measurements can be made with such low volt­
ages. 
To show how some of the individual components of the complex Stark 
spectrum behave, the displacements of some of the strong components of 
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the spectrum as a function of the field strength are ploted in Figure 
11. 
The actual calculation of the Stark perturbed spectrum involves 
an extremely large number of computations. The 194 lines of the J=l to 
J=2, K=l spectrum are further split by the Stark efect, which removes 
the degeneracy in Mp. The J=l to J=2 Stark split spectrum is composed 
of 1532 lines. Only aboutiv40 to 70 of these lines contribute more than 0.5 percent each of the total absorption. The number depends upon the 
magnitude of the Stark Hamiltonian uE. As the field strength is increased, 
this relatively smal number of important components contributes an in­
creasing fraction of the total absorption. For LLE greater than 150 
Mc/sec, this set of strong lines contributes more than 90 percent of the 
total absorption. For example, in the case of PCl^  with LL - 0.56 debye, 
if LLE = 176 Mc/sec coresponding to a 30  volt Stark voltage, 62 strong 
lines contribute- more than 0.5 percent each and the sum of the absorptions 
for these lines is 95 percent of the total absorption. The calculation 
for 50 volts on the Stark electrode yields 49 strong lines which contri­
bute 43 percent 6f the total intensity, i.e., the absorption is more dif­
fusely spread among the large number of other components. This leads to 
a more or les  uniform absorption near the center line, as ilustrated in 
Figure 10 for 50 volts. 
To get the resultant spectrum for comparison with the experiment, 
the Stark perturbed spectrum (ilustrated in Figure 10) is subtracted 
from the quadrupole spectrum (Figure 9a) to yield a resultant spectrum 
like that in Figure 9b. Other examples are Figures 13 and 17 which are 
compared to the experiment in Figures 14 and 18 respectively0 In 
80 i 
20 30 40 VOLTS STARK VOLTAGE 
Figure 11. Calculated Stark Displacement for Selected 
Lines in PCI,, J = 1 to J = 2 Transition. 
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subtracting the two spectra, it was assumed in accordance with the spec­
tral stability principle (66) that the total microwave absorption Is the 
same when the quadrupole interaction alone Is present as when the system 
is further perturbed by the Stark field. It was further assumed that the 
interactions leading to the pressure broadening are independent of the 
Stark field, i.e., the same value for the product bp is used in equation 
V-4 for pressure broadening the spectrum with the Stark field on as with 
it off. 
It is clear from Figure 9 that the Stark effect does change the 
qualitative appearance of the spectrum. Th«e most important question is 
whether or not the Stark effect changes the measured separation of the 
two main peaks A and B (Figure 8) which is used to evaluate the quadrupole 
coupling constant eqQ. Obviously, pressure broadening can also affect the 
separation. A calculation of the peak separation as a function of pres­
sure for different voltages is plotted in Figure 12. The calculation was 
made with the parameters of POCl^, but the results are essentially the 
same for PCI . Note that for |j,E = 63 Mc/sec (corresponding to 25 volts 
on the Stark electrode for POCl^) the separation of the two main peaks 
is essentially independent of the pressure up to bp=l. However, for 
u.E = 260 Mc/sec (Stark voltage = 100 volts in P0C1 3) the Stark effect 
can decrease the separation up to five percent at pressures where pres­
sure broadening alone would have little effect. Therefore, to obtain re­
liable measurements of the peak separation it is desirable to utilize 
not only low pressures but also low Stark voltages. At a given pressure^ 
the separation of the peaks would be expected to decrease with increas­
ing Stark voltage if high enough Stark voltages were used. 
n 1 1 1 r~ 
0.4 0.8 1.2 1.6 2.0 
PRODUCT bp FROM EQUATION V-4 IN Mc/sec 
Figure 12. Calculated Peak Separation as a Function of 
Pressure for Different Stark Fields. 
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To summarize the results of the calculations, it appears that for 
bp < 1 and L L E < 60 Mc/sec, a reliable measurement of the separation of 
lines A and B and thus a reliable measurement of the quadrupole coupling 
constant eqQ can be made. This value for L L E corresponds to Stark voltages 
of 25 volts and 125 volts for POCl^ and PCl^ respectively. Errors in 
the separation should be two percent or less for L L E up to 260 Mc/sec if 
bp < 0.4 Mc/sec. Furthermore, the value of the dipole moment should be 
obtainable by measurement of the Stark displacement for L L E > 100 Mc/sec. 
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CHAPTER VII 
EXPERIMENTAL SPECTRA 
The strongest lines in the J=l to J=2 rotational transition are 
denoted A and B in Figure 8, and their separation is given by 
Av = JQ eqQ [l - cos(a)]. 
The bond angles a for PCl^ and POCl^ are listed in Table 1. Measure­
ments of the separation of lines A and B will be used to calculate the 
quadrupole coupling constants eqQ. 
Before discussing the actual measurements of the line separations, 
however, the sources of uncertainty in these measurements will be con­
sidered in detail. The most important sources of uncertainty are: 
1. Klystron instability 
2. P r e s s u r e b r o a d e n i n g 
3. Stark effect 
4c Excited vibrational state lines 
5o Frequency measurement errors. 
The klystron stabilization technique discussed in Chapter II should 
effectively eliminate klystron instability as an appreciable source 
of uncertainty. 
Pressure broadening is a major factor and is usually the limiting 
factor in the resolution of hyperfine structure. If the pressure is low 
enough to resolve the hyperfine components, the signal strength is also 
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very low and poor signal-to-noise ratios tend to destroy the resolution. 
The calculation illustrated in Figure 1 2 indicates that below bp = 0 . 4 , 
the systematic error due to the Stark effect will be less than two per­
cent, even with JJ,E as high as 2 6 0 Mc/sec. With the use of low Stark volt­
ages, the systematic error can be essentially eliminated. However, the 
pressure at which the error becomes negligible cannot be directly calcu­
lated because the product bp must be determined by comparison with the 
experiment. This comparison is qualitative in nature and cannot give an 
accurate value for bp. A further difficulty in determining b is the fact 
that the reliability of the pressure measurements is not known. Never­
theless, the calculation in Figure 1 2 is useful, because it indicates 
that for pressures below a given value the separation no longer appre­
ciably depends upon the pressure. Below this value, a reliable measure­
ment of the separation of peaks A and B can be made. The experimental 
procedure for minimizing the uncertainty due to pressure broadening is to 
lower the pressure until the separation no longer depends on the pres­
sure, i.e., no longer changes as the presure is lowered. This procedure 
was used in data collection. Data was taken for several low values of 
the field strength to make sure that the separation was not being affected 
by the Stark effect. 
The Boltzmann factors listed in Table 2 indicate that some of the 
first excited vibrational states of PCl^ and P^Cl^ will be appreciably 
populated, even at - 8 0 degrees Centigrade. The line center of a transi­
tion corresponding to an excited vibrational state is given by equation 
1-3. If the coefficient a for a given vibrational mode is sufficiently 
small, the lines for the excited state could lie close to those for the 
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ground state and could cause a shift in one of the lines A and B. This 
possibility will be discussed along with the discussion of the details 
of the spectra of PC1 3 and p O C l 3 . 
The frequency measurement errors inherent in the instrumentation 
were discussed in Chapter II. The largest source of error is the uncer­
tainty in locating the peak positions of the lines. This error is re­
flected in the probable error limits on the data given below and will be 
discussed in connection with this data. 
Quadrupole Spectrum of Phosphorous Trichloride 
As mentioned in Chapter II, the vapor pressure of PCl^ at -80 
degrees Centigrade was calculated to be 60 microns Hg. The Pirani gauge 
read in the range 50-60 microns Hg at equilibrium with dry ice on the wave­
guide so apparently the calibration of the Pirani gauge for PCl^ does not 
differ drastically from that for air in this pressure range. Data was 
taken for pressures less than 50 microns Hg. Pumping on the cell to 
lower its pressure did not appreciably alter the measured separation of 
the two main lines so it was assumed that pressure broadening was not 
shifting the peak positions significantly. 
A recorder trace of the J=l to J=2, K=l transition is shown in 
Figure 14. The pressure is about 50 microns Hg according to the Pirani 
gauge. A calculated spectrum where the line width parameter b has been 
adjusted for the best fit is shown in Figure 13. The best fit was ob­
tained for a line width parameter b = 12 Mc/mm Hg. It is difficult to 
assign a probable error to this parameter since the fit is qualitative 
and the pressure value is questionable. For the line separation measure­
ments, the spectrum shown in Figure 14 was spread out by using a slower 
-6 -5 -4 -3 -2 -1 0 1 2 3 4 5 Mc/sec 
Figure 13. Calculated J = 1 to J = 2 Transition for PCl^. 
—q 
ro 
10470.0 Mc/sec 
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tuning rate, and a lower pressure was obtained by pumping continuously 
on the waveguide. 
The relative intensities of the peaks varied somewhat with the 
microwave power level. Increasing the power tended to lower the peaks. 
An optimum was obtained by attenuating the microwave power until the 
relative intensities of the peaks no longer changed with increasing 
attenuation. 
A large number of measurements were made of the separation between 
lines A and B in Figure 14. The measurements for Stark voltages of 100 
volts and less (u.E < 60 Mc/sec) yielded for the separation 
Av
 A D = 2.69 ± 0.05 Mc/sec. 
A D 
For Stark voltages of 200 volts and higher, the separation decreased 
slightly as would be expected from the calculation illustrated in Figure 
12. At 200 volts the separation was about 2.55 Mc/sec. A. Wolf (14) 
noted this effect in CFC1 and CHC1 and used low Stark voltages in his 
measurements. 
The standard deviation of the average value of a large number 
of measurements is given by (67) 
k 
s 2 = ( £ x 2 - kx 2)/(k 2 - k) 
n=l 
where x is the average of the measurements of x, and k is the number of 
measurements. This expression applies to cases where the errors in meas­
urement are random. The standard deviation in the case of the separation 
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above is 0.01 Mc/sec, but the error limits were increased to 0.05 Mc/ sec 
to allow for possible systematic error due to the Stark effect or other 
sources. The standard deviations were calculated for all the experimental 
data in this chapter and will be quoted, but more conservative estimates 
of the probable error will be made in each case. 
The above separation measurement leads to a quadrupole coupling 
constant 
eqQ = -53.3 ± 1.0 Mc/sec. 
Measurement of the peak positions yielded the following: 
v A = 10,467.35 ± .04 Mc/sec 
v B = 10,470.01 ± .04 Mc/sec. 
Comparison of these frequencies to the calculated spectrum gives 
v = 10,469.26 ± .08 Mc/sec 
for the line center of the J=l to J=2 transition. This gives a rotational 
constant for PCl^ with the value B = 2,617.31 ± 0.02 Mc/sec compared to 
the value B = 2,617,1 ± .1 Mc/sec obtained by Kisliuk and Townes (15) 
from the J=4 to J=5 transition. The standard deviations for the fre­
quencies of the lines A and B were .002 Mc/sec and .01 Mc/sec respectively. 
No attempt was made to assign frequencies to the peak labeled D 
in Figure 14 and the peak to the low frequency side of the peaks A and 
B. Their positions were not always reproducible, and the calculated 
spectrum indicated that they were composed of several small lines. 
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A S P O I N T E D O U T I N C H A P T E R I , T H E T W O M O S T H I G H L Y P O P U L A T E D E X ­
C I T E D V I B R A T I O N A L S T A T E S S H O U L D G I V E L I N E S C E N T E R E D 7 . 6 M C / S E C O N E A C H 
S I D E O F T H E G R O U N D S T A T E L I N E C E N T E R . N O E V I D E N C E O F S U C H E X C I T E D S T A T E 
L I N E S W A S O B S E R V E D . E V E N I F P R E S E N T , S U C H L I N E S W O U L D N O T B E E X P E C T E D 
T O A L T E R T H E P E A K P O S I T I O N S A A N D B B E C A U S E O F T H E I R D I S T A N C E F R O M T H E 
C E N T E R L I N E O F T H E G R O U N D S T A T E T R A N S I T I O N . 
Q U A D R U P O L E S P E C T R U M O F P H O S P H O R Y L C H L O R I D E 
P H O S P H O R Y L C H L O R I D E , P O C L ^ , P R O V E D T O B E M O R E D I F F I C U L T T O A N A L Y Z E 
T H A N P C L G * T H E F A C T T H A T I T I S A S O L I D A T D R Y I C E T E M P E R A T U R E M A D E N E C E S ­
S A R Y T H E E X P E R I M E N T A L P R O C E D U R E D E S C R I B E D I N C H A P T E R I I . T H E L I N E W I D T H 
W A S G R E A T E R T H A N T H A T O F P C L ^ , M A K I N G L O W E R P R E S S U R E S A N E C E S S I T Y F O R 
P O C L ^ . B E L O W 2 5 M I C R O N S H G A S I N D I C A T E D O N T H E P I R A N I G A U G E , T H E L I N E 
S E P A R A T I O N D I D N O T A P P E A R T O D E P E N D O N T H E P R E S S U R E . T O P R O V I D E F U R T H E R 
A S S U R A N C E O F R E L I A B I L I T Y , T H E D A T A W A S T A K E N A T P R E S S U R E S B E L O W 1 5 M I ­
C R O N S H G . 
A R E O R D E R T R A C E O F T H E J = L T O J = 2 T R A N S I T I O N I S S H O W N I N F I G U R E 1 6 . 
T H E P I R A N I G A U G E P R E S S U R E I S 9 M I C R O N S H G I N T H A T C A S E . T H E C A L C U L A T E D 
F I T O F T H E S P E C T R U M ( F I G U R E 1 5 ) W A S M A D E U S I N G A L I N E W I D T H P A R A M E T E R 
B = 3 4 M C / M M H G . I T S H O U L D B E R E P E A T E D T H A T T H E L I N E W I D T H P A R A M E T E R 
H A S A L A R G E M A R G I N O F E R R O R . T H E S P E C T R U M O F P O C L ^ W A S N O " T A S R E P R O D U C I B L E 
I N A P P E A R A N C E A S T H A T O F P C L ^ , A L T H O U G H T H E L I N E S E P A R A T I O N W A S R E P R O D U C I B L E . 
T H E R E L A T I V E I N T E N S I T I E S O F T H E P E A K S D I D N O T S E E M T O B E S O D E P E N D E N T 
U P O N T H E M I C R O W A V E P O W E R L E V E L A S I N T H E C A S E O F P C L ^ . 
A L A R G E N U M B E R O F M E A S U R E M E N T S O F T H E S E P A R A T I O N O F L I N E S A A N D 
B W E R E M A D E . M E A S U R E M E N T S M A D E A T S E V E R A L V O L T A G E S D I D N O T Y I E L D A N Y 
D E P E N D E N C E O F T H E S E P A R A T I O N U P O N T H E S T A R K F I E L D . T H E M E A S U R E M E N T S 

STARK FIELD: 210 VOLTS/CM 
Figure l 6 . The J = 1 to J = 2 Transition in POC1 
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were made at Stark voltages _< 100 volts and with pressures low enough 
that the systematic error due to the Stark effect should be less than 
one percent. The measured separation of the two strongest lines was 
A v . D = 2.93 ± .05 Mc/sec. 
A D 
This gives a quadrupole coupling constant 
eqQ = -55.4 ± 1.2 Mc/sec. 
The probable error in eqQ includes that due to the uncertainty in the 
bond angle 'a'. The probable error due to the separation measurement 
alone is 0.9 Mc/sec, including a margin for possible systematic error 
due to the Stark effect. Measurement of the peak positions A and B 
yielded: 
v A = 8,057.90 ± 0.05 Mc/sec 
v B = 8,060.83 ± 0.05 Mc/sec. 
Comparison with the calculated spectrum gives a line center frequency 
v = 8,060.2 ± 0.08 Mc/sec 
for the J=l to J=2 transition in POCl^. The corresponding rotational 
constant is B = 2,015.04 ± 0.03 Mc/sec compared to the value B = 
2,015.20 ± 0.05 Mc/sec obtained by Williams et al. (18). The stand­
ard deviations in A v A D , v D were 0.01, 0.01 and 0.005 Mc/sec respectively. 
A D D 
Excited vibrational state lines were observed in theJ=3-»^4 and 
J=4-*-5 transitions but no satisfactory measurements of their frequencies 
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were obtained. At temperatures near room temperature, there were some 
features in the J=l to J=2 transition which were attributable to ex­
cited state transitions, but at the temperatures at which data was taken 
these features were very small and apparently did not shift the peak 
positions. 
The quadrupole coupling constants for POCl^ and PCl^ a r e listed 
in Table 3. Also listed are those values for CFC1 and CHC1 obtained 
by Wolf (14). The solid state values of Livingston (35) (9) are also 
listed for comparison. Only the magnitudes of eqQ are listed for the 
solid state measurements, since the sign is not determined by the pure 
quadrupole resonance experiment. The quadrupole coupling constant for 
POCl^, eqQ = -55.4 Mc/sec, is lower than the solid state value while in 
the other molecules the constant eqQ is above the solid state value. The 
difference between the measured value and the value which would have been 
expected on the basis of the other eqQ values is thought to be too large 
to be attributable to systematic error due to the Stark effect or other 
factors in the experiment. 
To illustrate how different values of eqQ and the bond angle can 
affect the spectrum, the calculated and experimental results for the J=l to 
J=-2,K=1 transition in CFC1 3 are shown in Figures 17 and 18 respectively. In 
this case the lines labeled C and D in Figure 8, along with other weak 
lines, are separated out from line B. The resultant spectrum shows line 
A higher in intensity than line B, in contrast to PCl^ and POCl^. 
The spectrum for CFCl^ was obtained with the improved klystron 
stabilization and tuning technique developed for the work on PCl^ and 
P0C1 . A better signal-to-noise ratio than that obtained by A. A. Wolf 
Table 3. Comparison of Microwave and Solid State 
Measurements of the Quadrupole Coupling 
Constant eqQ 
Molecule 
Solid State 
eqQ (Mc/sec) 
Microwave 
PCI
 3 
POC1. 
52.40' 
57.97 
-53.3 ± 1.0 
-55.4 ± 1.2 
CFC1. 79.63 -79.9 ± 0.6 
CHC1. 76.98 -77.9 ± 0.5 
Reference 35. 
Reference 9. 
'Present investigation, 
'Reference 14. 
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( 6 8 ) was provided by this technique, but no significant improvement in 
the line separation measurement was obtained. Wolf's value for the quad­
rupole coupling constant, eqQ = - 7 9 . 9 Mc/sec, and the bond angle a = 1 1 1 
degrees were used for the calculated spectrum in Figure 1 7 . The best 
fit was obtained with a line width parameter b = 1 0 Mc/mm Hg. Wolf did 
not consider the possibility of Stark components such as those shown in 
Figure 1 0 which cannot be removed by increasing the voltage. However, 
calculations have shown that no appreciable error should result at the 
voltages and pressures at which he worked. 
Dipole Moment Measurements 
From the discussion of Chapter V I and the calculations illustrated 
in Figures 1 0 and 1 1 it appears that a measurement of the dipole moment 
can be obtained from analysis of the Stark effect in the J=l to J=2, 
K=l transition. The condition for a good measurement of the dipole mo­
ment from Chapter V I was L L E > 1 0 0 Mc/sec. The Stark displacement of the 
center of the Stark 'lobe', composed of several lines, is given by equa­
tion I V - 1 3 . For the J=l to J = 2 , K=l transition the relevant quantum 
numbers are J=l, Jj = ± 1 and K = ± 1 , giving a stark displacement ± L L E / 3 . 
For the J = 2 to J = 3 transition there are six Stark components in 
the absence of the quadrupole interaction. Their positions are given in 
Table 4 . The relative intensities in Table 4 are calculated from the re­
lation ( 6 9 ) 
I = (J + l ) 2 - M 2 

9859.3 Mc/sec 
STARK FIELD: 210 Volts/cm 
gure 1 8 . The J = 1 to J = 2 Transition in CFC1 
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Table 4. Displacements and Relative Intensities of 
Stark Lines in the J=2 to J=3 Spectrum of 
a Symmetric-top Molecule 
Relative 
MjK Displacement Intensity 
±1 ^ 16 
12 
±2 Jil 13 
6 
±4 
3 
for transitions J to J+l, AMj = 0. No calculation of the Stark effect 
with quadrupole interaction was attempted for the J=2 to J=3 transition. 
However, since the quadrupole splitting is smaller for this transition, 
i t seems reasonable that the same approximations would hold for the Stark 
displacement is the same as for the J=l to J=2 transition. 
The Stark displacement as a function of field strength for the J=l 
to J=2 transition of POCl^  was measured and is shown in Figure 19. The 
displacements were measured for components both above and below the line 
center frequency. The Stark displacements for the J=2 to J=3 transition 
are shown in Figure 20. The dipole moment was measured by varying the 
slope of the lines for a least-squares f i t of the data. The dipole mo­
ments obtained are as follows*. 
J=l to J=2, MjK = ± 1 2.53 ± 0.04 debye 
Figure 19- Stark Displacement in the J = 1 to J = 2 
Transition of P0C1„. 
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J=2 to J=3, M K = ±1: 2.53 ± 0.04 debye 
J=2 to J=3, MjK = ±2: 2.55 ± 0.04 debye. 
The estimated probable error limits above are considered to be conser­
vative since the standard deviation of the average dipole moment was in 
each case less than 0.01 debye. The component for M^K = ±4 in the J=2 
to J=3 transition was quite weak and could not be measured as well as 
the others. Two points are plotted on Figure 20 to show its position. 
The condition suggested to insure that the center of the Stark line gives 
a good measurement of the dipole moment was |iE > 100 Mc/sec, or a Stark 
voltage greater than 25 volts for POCl^. The data taken for voltages 
above this value were in good agreement with the theory. 
For higher J transitions, the quadrupole splitting becomes smal­
ler, but the number of Stark components increases so that identification 
of the components becomes a problem. The Stark components corresponding 
to the largest values of the product M I are the ones which have displace-
ments large enough to be measured, but they have the smallest relative 
intensity and are therefore difficult to detect. The J=3 to J=4 and J=4 
to J=5 transitions in p 0 C l ^ were examined, and an attempt was made to 
measure the Stark displacements for these transitions. The observed 
Stark lines were very weak, and no satisfactory displacement measurements 
were obtained. It was concluded that the J=l to J=2 and J=2 to J=3 
transitions provide the most easily analyzed Stark spectra. 
Because of poor signal-to-noise ratios, measurements for the Stark 
displacements of the J=l to J=2, K=l transition of PCI were not obtained. 
The displacements for the J=2 to J=3 transition are shown in Figure 21. 
1 0 0 2 0 0 3 0 0 4 0 0 
"1 
5 0 0 V O L T S 
S T A R K V O L T A G E 
Figure 21. Stark Displacement in the J=2 to J=3 
Transition of PC1 0• 
co 
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The dipole moments obtained from this data were: 
MjK = ±1: 0.56 ± .01 debye 
M K = ±2: 0.56 ± .02 debye. 
The Stark components for M^K = ±4 were observed but were to weak to 
be measured satisfactorily. 
The Stark lobes are symetric about the line center for sufic­
iently high field strengths. By taking the center frequency betwen 
the symetric Stark lobes for several voltages, the J=2 to J=3 tran­
sition frequency was measured. The resulting frequency was 
v = 15,704.2 ± 0.4 Mc/sec 
coresponding to a rotational constant B = 2,617.36 ± 0.07 Mc/sec. This 
is in agrement with the value obtained from analysis of the hyperfine 
structure in the J=l to J=2 transition. 
Several measurements of the dipole moments of PCI and P0Clo have ben made by measurement of the dielectric constant in various solvents. 
The results of these experiments vary considerably. Some typical results 
are listed in Table 5 along with the microwave measurements from this in­
vestigation. 
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Table 5. Experimental Dipole Moments for PCI 
and POCK 
Dipole Moment (debye) 
, State or 
a b 
Molecule Microwave Other Solvent 
P0C1 3 2.54 ± .04 gas 
2.41 benzene 
2.42 benzene 
P C 1 3 0.56 ± .02 gas 
0.79 gas 
0.70 solid 
0.89 benzene 
0.78 CC1, 
4 
Present investigation. 
Obtained from A. L. McClellan, Tables of Experimental Dipole Moments 
(W. H. Freeman and Company, San Francisco, 1963). 
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CHAPTER VIII 
CONCLUSIONS AND RECOMMENDATIONS 
The theory of the quadrupole interaction developed by A. A. Wolf 
and Svidzinskii and the Stark effect calculations given in this treat­
ment lead to good agreement with the experimental spectra and yield 
quadrupole coupling constants in general agreement with those obtained 
from solid state measurements. The work done by Wolf on the molecules 
CFCl^ and CHCl^ and the present work on PCl^ and POCl^ provide confirma­
tion of the calculated spectra. 
The measured quadrupole coupling constant for PCl^ is eqQ = 
-53.3 ± 1.0 Mc/sec compared with the solid state measured value 52.4 
Mc/sec. Comparison of the spectrum with the theory yields a rotational 
constant B = 2,617.31 ± .02 Mc/sec compared to the value B = 2,617.1 ± .1 
Mc/sec obtained by Kisliuk and Townes (l5). 
In P°C1 3 the measured value for the quadrupole coupling constant 
is eqQ = -55.4 ± 1.2 Mc/sec compared to the solid state value 57.9 Mc/sec. 
Comparison of the spectrum to the theory yields a rotational constant 
B = 2,015.04 ± .03 Mc/sec, compared to the value 2,015.20 ± .05 Mc/sec 
obtained at higher-J transitions by Williams et al. (l8). 
The quadrupole coupling constants, eqQ, measured in the solid and 
gaseous forms would be expected to differ somewhat because neighboring 
molecules in the solid can alter q, the second derivative of the poten­
tial at the nucleus. The quadrupole coupling constants measured by micro­
wave methods have usually been found to be slightly larger than the solid 
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state values. PGl^ is i° agreement with this general trend, with a micro­
wave value about two percent higher than the solid state eqQ. POCl^, h° w~ 
ever, is an exception with a microwave value for eqQ about five percent 
lower than the solid state value. 
The quadrupole coupling constant eqQ is useful in chemical bond 
theory. Measurement of eqQ for several chlorine compounds gives relative 
values for the electric field gradient, q, in the compounds. The value 
of q is one indication of the bond type (i.e., ionic, single covalent, 
double covalent). The interpretation of the quadrupole coupling con­
stants in terms of chemical bond types has been discussed by Townes and 
Schawlow (70). Such interpretation is quite complicated and is con­
sidered to be outside the scope of this investigation. 
Other molecules of this type with three chlorines can now be studied 
to obtain values for the quadrupole coupling constant. However, the above 
mentioned molecules were chosen for study because of large eqQ values 
from the solid state measurements. They were near the limit of resolu­
tion with the present instrumentation because of the problem of pressure 
broadening. Other molecules which may have quadrupole coupling constants 
large enough to allow microwave measurements are SiHCl^ and GeHCl^. 
GeHclg is particularly interesting since no solid state value for the 
quadrupole coupling constant has been reported to date. 
The measured dipole moments for pClg and pOCl 3 are 0.56 ± .02 
debye and 2.54 ± 0.04 debye respectively. The dipole moments of a num­
ber of symmetric-top molecules with three chlorines can be measured by 
the techniques presented here. The J=l to J=2 and J=2 to J=3 transi­
tions are appropriate for these measurements. No previous attempts to 
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m e a s u r e t h e d i p o l e m o m e n t s o f s u c h m o l e c u l e s u s i n g t h e l o w r o t a t i o n a l 
t r a n s i t i o n s h a v e b e e n p u b l i s h e d . 
A l t h o u g h no r e l i a b l e m e a s u r e m e n t s o f t h e l i n e w i d t h p a r a m e t e r b 
for t h e p r e s s u r e b r o a d e n i n g o f s p e c t r a l l i n e s w a s o b t a i n a b l e f r o m t h e 
c o m p l e x s p e c t r a s t u d i e d h e r e , t h e t e c h n i q u e s e m p l o y e d do o f f e r s o m e 
p r o m i s e in t h e c a s e o f l e s s c o m p l e x s p e c t r a . F o r s p e c t r a w h i c h a r e n o t 
s p l i t b y t h e q u a d r u p o l e i n t e r a c t i o n , t h e s t a b i l i z a t i o n a n d t u n i n g t e c h ­
n i q u e s u s e d in t h i s e x p e r i m e n t can g i v e g o o d m e a s u r e m e n t s o f t h e l i n e 
w i d t h s as a f u n c t i o n o f p r e s s u r e . If t e c h n i q u e s a r e a v a i l a b l e to r e ­
l i a b l y m e a s u r e t h e p r e s s u r e o f d i f f e r e n t m o l e c u l e s in t h e p r e s s u r e r a n g e 
1 0 - 1 0 0 m i c r o n s H g , t h e n p r e s u m e a b l y t h e l i n e w i d t h p a r a m e t e r a n d t h u s 
t h e c r o s s - s e c t i o n f o r l i n e - b r o a d e n i n g i n t e r a c t i o n s c a n b e m e a s u r e d . 
APPENDIX A 
TABLES REQUIRED IN QUADRUPOLE HYPERFINE 
STRUCTURE CALCULATION 
Table 6. Matrix Representations of the Group of Permutations 
of Three Objects. 
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Table 7. Matrix Elements of the Permutation 
Operators 
(u(L'l), S(l32)u(Ll)) = (-l) L'~ L(u(L'l), s(l23)U(Ll)) 
(u(L'l), S ( 3 1 )U ( L I ) ) = - ( - l ) L ' ( U ( L ' I ) , S(l23)u(Ll)) 
(u(L'l), S(l2)u(Ll)) = -(-l) L- 2 L'(u(L'l), S ( 1 2 3 ) U ( L I ) ) 
(u(L'l), S(0)u(Ll)) = 6 L , L 
(u(L'l), S (23)u(Ll)) = ( - I ) 3 - L 6 t ) t 
The permutation operators defined by Wolf (14) permute the spin 
coordinates of the three identical nuclei. For example, the operator 
S(l23) assigns the spin of nucleus 1 to nucleus 2, the spin of nucleus 
2 to nucleus 3, and the spin of nucleus 3 to nucleus 1. The operator 
S(0) is the identity operator. 
(u(L'l), 
Table 8. The Genealogical Coefficients. 
w Ad) A(2) El E2 
L I I I I 
3/2 5/2 9/2 3/2 1/2 3/2 5/2 7/2 1/2 3/2 5/2 7/2 
0 -"Vi 
1 ±1 -\ F~ +V10 
2 ±1 +1 + 1 
3 
-* r r 
V 10 1 +1 
Table 9. The Reduction Coefficients 
C ( A ^ , 3 / 2 , 3/2) = 3/5 C ( E L F 5/2, 5/2) = 3 72T/35 
C ( A ( 1 ) , 3/2, 5/2) = 4 76/5 c(El, 5/2, 7/2) = 36 yT/35 
C ( A ( 1 ) , 5/2, 5/2) 
= - v/2l/l0 7/2, 7/2) = 3 V42/7 
C ( A ( 1 ) , 5/2, 9/2) = -3/2 C(E 2, l/2, 3/2) = -3 v/3/5 
C ( A ^ , 9/2, 9/2) = - v/33/2 C(E 2, 3/2, 3/2) = 3/5 
C{A^2\ 3 / 2 , 3/2) = -1 C(E 2, 1/2, 5/2) 
= v/52/lO 
C(E l, 1/2, 3/2) = 
- v/3/o C ( E 2 , 3/2, 5/2) = -9/5 
C(E 1, 3/2, 3/2) = ll/5 C ( E 2 , 3/2, 7/2) = 6 7375 
C ( E 1 ? 1/2, 5/2) = 
-3 x/42/lO C ( E 2 , 5/2, 5/2) = - /2T/35 
C(EIF 3/2, 5/2) = -3/5 C ( E 2 , 5/2, 7/2) = -12/7735 
C C E ^ 3/2, 7/2) = 2 /3~/5 C ( E 2 , 7/2, 7/2) = - y/42/l 
APPENDIX B 
COMPUTER CALCULATIONS 
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DESCRIPTION OF THE PROGRAM 
The purpose of the following computer program is to calculate 
the J=l to J=2, K=l transition spectrum of a symmetric-top molecule 
with three identical quadrupolar nuclei for direct comparison to the 
spectrum obtained from a Stark modulation type spectrograph. To this 
end it calculates the quadrupole component frequencies and intensities 
both in the presence and absence of an applied Stark field. After 
broadening all lines according to the Van Vleck-Weisskopf relation, 
equation V-4, the difference bewteen the two spectra is calculated to 
obtain a facsimile of the actual recorded spectrum from a phase-
sensitive detector. 
The input to the program consists of the following parameters: 
the quadrupole coupling constant eqQ, the Cl-X-Cl bond angle 'a', the 
dipole moment L L , the field strength E , the line width parameter 'b', 
and the pressure p. The output is actually dependent only upon the 
products eqQ cos (a), L L E , and bp. This data is contained on cards 223-
225 of the program to avoid using a READ statement. 
The procedure EAGLE for calculation of eigenvalues and eigenvec­
tors was originally derived from an algorithm written by D. F. Eagle (71) 
for the Burroughs B-220 computer. It was translated for use on the 
B-5500 computer (extended ALGOL) and subsequently modified extensively 
to incorporate an improved Jacobi procedure for eigenvalue and eigenvec­
tor calculation. The procedure JACOBI in the program was written by 
W. Fleming of the staff of the Rich Electronic Computer Center on the 
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campus of the Georgia Institute of Technology. This procedure is not 
included in the following list of program cards, but is presently part 
of the Cast A disk library for the B-5500 computer. Algorithms for cal­
culation of the Wigner 3-J and 6-J symbols were written for the matrix 
element calculations. Alternative algorithms for the 3-J, 6-J and 9-J 
symbols have been published by Gunn (72). 
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Listing of Program Cards 
BEGIN 
% QUADRUPULE HYPERFINE STRUCTURE AND S T A R K EFFECT FOR SYMMETRIC*TUP 
% MOLECULtS WITH THREE IDENTICAL QUADRUPOLAR NUCLEI 
INTEGER PAR>N4,MlNI pEXCpEXP7>Pl/>PARlpFlLpMFL I % 
INTEGER M F2 P I I * I2 P R I P C1*M I N 4 # M I N 3 P E X P I * D P S P F 3 P E X P6*F1 P F2 PVl#V2# 
N J » I P W I , K ^ M P M I N1P N1P N2P N 3 P M F 3 P K Q ^ J Q ^ K1> J A P J B P K2P L ' 
REAL SUMINTipINTlpLwPpSuWINTpiQlpFQipF02*MFQ } % 
REAL M L F P T B1P T82,M F22P F I2P F22P 11 2 , S P L I T 3 P E Q Q 3 p F R E Q P P R E S S I % 
REAL 5 * 1 PJipJ2> J 3 P L I P L2 p L3 P M1 P M2 P M 3 P M U * E F I E L D P T E 3 P T E4 > % 
REAL AL^HAlpALPpSUMI,DIP0LEp!NTpSPLTTfTIpT2pCLOCKPCL0CK2PTRAPTRUp 
S U M X2P S U M Y2P S P R U D P I T S PFREQ1 PFRE92*SPLIT2PEQQ > % 
REAL INT2 I % 
ARRAY ALP2pBETA2COS4p0843pFACT£»lOt2iI T % 
ARRAY B l C O l l p l i 4 p U 5 P i l 2 2 J p B 2 C 0 8 l p ! 8 4 p 1 8 6P 1 % 34 3 p EGY I T 0* 22 3 * 
B C l l 2 p l l 2*Ollpl84plg4pli6JpEGY2t0834l I X 
ARRAY NUlpPEAKlcOS30i^ECl g2pi?2pO»l^U4pl86l I X 
ARRAY A,YpDGtO!35pOg35]pPEAKpNUU84pl5BG03pSJSYC084p085*0?63 I % 
ARRAY IHJSEl*5pl85pi86] ) % 
FILE OUT LINE 6CSP15> * % 
LIST SNAFU (TRApTRDpTRA-TKO)p 
INP (NPFOR I * 1 STE^ 1 UNTIL 
FOR J <- 1 STEP I UNTIL N 
FORMAT OUT HEAOlNTC/ wTRANSITIONS J: 
" TO J » 2 P F = W P I 2 P w / 2 P V = W P I 2 ) P % 
SUMINTFCSUM OF INTENSITIES = 
N DO 
DO A C I P J ] ) 
: 1 P F = W P I 2 P " / 2 P V = W P I 2 * 
4) % FIO 
M H C M A I R I X FOR J B W P I 2 P W MF = % I 2 » N / 2 N > P % 
ILC / W T K A N S I T I U N S J=2 * J*l FOR MF = « p 1 2 , M / 2 K )
 9 % 
PCL3SC W STARK PLUS QuADRyPOLE INTERACTION SPECTRUM 
» T R I C H L O R I D E P P C L3 w) P % 
POCL3S ("STARK PLUS QUADRllPOLE INTERACTION SPECTRUM 
» CHLQ«IDE,POCL3 w5 p % 
CFCL3SCSTARK PLUS QUADRUPOLE INTERACTION SPECTRUM 
" FLOUROTRICHLORoMETHANEp CFCL3") P % 
P L0T C X10P2F20,4) P % 
FOR PHOSPHORUUS^ 
FOR PHOSPHORYL" 
FOR" 
M U E ( / W DIPOLE MOMENT = " P F 5 , 2 P ' 
" VOLTb/CM, STARK VQLTAGE = W P F 7 
DEBYE* ELECTRIC 
3 / ) p % 
FIELD » % F 8 , 3 P 
1 oOOOO 
2 , 0 0 0 0 
3 9 0 0 0 0 
4 0 0 0 0 0 
5 , 0 0 0 0 
6 , 0 0 0 0 
7 , 0 0 0 0 
8 o 0 0 0 0 
9 , 0 0 0 0 
1 0 , 0 0 0 0 
11POOOO 
1 2 , 0 0 0 0 
1 3 , 0 0 0 0 
1 4 , 0 0 0 0 
1 5 , 0 0 0 0 
ISolOOO 
1 6 , 0 0 0 0 
1 7 , 0 0 0 
1 8 , 0 0 0 
1 9 , 0 0 0 
2 0 , 0 0 0 
2 1 . 0 0 0 
2 2 , 0 0 0 
2 3 , 0 0 0 
2 4 , 0 0 0 
2 5 , 0 0 0 
2 6 , 0 0 0 
2 7 , 0 0 0 
28o000 
2 9 , 0 0 0 
3 0 , 0 0 0 
3 1 , 0 0 0 
3 2 , 0 0 0 
o 
Q U A D R U P O L E : C O U P L I N G C O N S T A N T EQQ S * P F 8 0 3 P % B O N O A N G L E " 
3 » P F 6 9 1 / ) P 
Q U A D K ' * 
" C L - X - C L r " P F 8 0 2 ) p % 
PBSHC" PRESSURE S « P F 6 S 3 * W MM HGp L I N F WIOTH PARAMETER 
I H C / X 5 > " J * 1 L E V E L " P X 1 0 P " J S 2 L E V E L % X 1 9 , " S P L I T T I N G " P X I Q P 
" I N T T N S I T Y " )
 P 2 
I N T E N S A T Y C X 4 * F 1 0 C 4 P X 9 P F I 0 O 4 * X 7 P F 1 2 . 6 * X 7 P F 1 2 , 8 P 1 6 ) » % 
P L 0 T 2 ( / X 1 0 P F 6 P 3 P 3 F 2 0 O 4 ) P % 
HEADING(/"TRANSITIONS J = " P I 2 P " P F = " , 1 2 ? " / 2 P V S " , I 2 P 
" TO J S W P I 2 P W > F B W ' T 2 P W / 2 P V S W P T 2 ) * * 
J H C T R A N S I T I O N S J = %I3pw TU J = "p I 3 P " P K * " P 1 3 ) p * 
PBSH2(/X9p W FREQUENCY w pX9p W «UA0RUP0LE w pX13p K STARK w pXilp 
"QUADRUPOLE " / X 1 1 P " I N MC M *X 1 2 P " S P E C T R U M " P X14 P " S P E C T R U M " P X 8 P 
"MINUS STARK")
 P % 
PI;L3CWQUADRUP0LE SPECTRA FOR PHOSPHOROUS TRI CHLOR I D E " / / ) f> 
FORMAT OUT CHECK C W T « A = " P F 1 3 0 4 P X9p •'TRD = W P F13 e 4 P X9P "DIFF»"p F7 , 4 )p 
POCL3(/"QUADRUPOLE S P E C T R A F U K PHOSPHORYL CHLORIDE P P O C L 3 " / ) P X 
EIG ("DEGENERATE EIGENVALUE"-ORTHONORMALIZED VECTOR ! $ - " ) > 
DATA ( " I N P U T MATRIX I S " ) , X 
P B S 1 2 C / " P R E S S U R E BROADENED SPECTRUM FOR 
PBS*3( /"PRESSUKE BROADENEO SPECTRUM FOR 
R U N T I M T ( / N R U N TIME
 S " P F 9 9 2 P X 2 P " S E C 0 N D S " / ) P 
RT2C"TUTAL TIME * * p F 9 O 2 , X 2 P " S E C O N D S " / ) > % 
DGN ( " D I A G O N A L I Z E D MATRIX I S " ) > 
F O R M A T DIVZROC W ZERO DENOMINATOR REACHED IN 
"FOR J » " P I 3 P " K * » P 1 3 , " * VECTOR FOLLOWING I S 
EXDEGC^EXACT DEGENERACY FOR E1GENVALUE"PI 3 P " 
" BREAKS DOWN") I % 
I N T E G E K PROCEDURE M I N 2 ( P 1 P P 2 P P 3 P P 4 ) J % 
V A L U T P 1 , P 2 P P 3 P P 4 I % 
I N T E G E R P 1 P P 2 P P 3 P P 4 J % 
B E I - I N IF P L < P 2 AND P L < P 3 AND P I < P * THEN MIN2«-P1 ) % 
IF P2<P1 AND P 2 S P 3 AND P2<P4 THEN MIN2+P2 } % 
IF P3<P1 AND P3<P2 AND P3<P4 THEN MIN2+P3 I % 
IF P 4 < P L AND P 4 < P 2 AND P 4 S P 3 THEN MIN2*P4 I END 
REAL PROCEDURE F A C A ( S ) J % CALCULATES FACTORIAL OF S 
VALUE S ) INTEGER S * * 
FACA-HF S < 0 THEN 0 ELSE IF S< 2 THEN 1 ELSE 
TO 
TO 
J = 2 
Js3 
T R A N S I T I U N S " ) P 
T R A N S I T I O N S " ) , J = 2 
% 
% 
VECTOR CALCULATION" 
INVALID**) p % 
SCHMIDT PROCESS" 
FACACS-I)xs 
3 3 , 0 0 0 
3 4 , 0 0 0 
3 5 , 0 0 0 0 
3 6 , 0 0 0 
3 7 , 0 0 0 
3 8 , 0 0 0 
3 9 , 0 0 0 0 
4 0 , 0 0 0 
4 1 , 0 0 0 
4 2 , 0 0 0 
4 3 , 0 0 0 
4 4 , 0 0 0 
4 5 , 0 0 0 
4 6 , 0 0 0 
4 7 , 0 0 0 
4 8 , 0 0 0 
4 9 , 0 0 0 
5 0 , 0 0 0 
5 1 , 0 0 0 
5 2 , 0 0 0 
5 3 , 0 0 0 
5 4 , 0 0 0 
5 5 , 0 0 0 
5 6 , 0 0 0 
5 7 , 0 0 0 
5 8 , 0 0 0 
5 9 , 0 0 0 
6 0 , 0 0 0 
6 1 , 0 0 0 
6 2 , 0 0 0 
6 3 , 0 0 0 
6 4 , 0 0 0 
6 5 , 0 0 0 
6 6 , 0 0 0 
6 7 , 0 0 0 
6 8 , 0 0 0 
6 9 , 0 0 0 
o 
REAL PROCEDURE DEL C D1 p D?p 0 6 J ? % 70,000 VALUE D1pD2PD3 i RrAL DSI>D2pD3 ' % 71,000 DL  «• SORT(FACTCDl+02-l)33xMCTrOl-D2'VD31xFACTt-0i + D2 + D3]/ 73,000 FACTCD1+D2+D3+1J) I * 74,000 REAL PROCEDURE SUMK(J19J2Pj3pw1pL2»L3) 3 75,000 VALUE J1pJ2pJ3pL1pL2PL3 ; X 76,000 Rt AL JIp J2p J3pL1,L2^ 3 I % 77,000 BEGIN * 78,000 SM1*0 > MIN34-MIN2C J^J2~J3? J1+L2-L3pL1+J2-L3pL1+L2"J3} < % 79,000 FOR K*U STEP 1 UNTIL MIN3 00 atGlN % 80,000 F3* FAtTCK]xFACTC J t v J2-J 3WK , i 8U000 xFACTCJ1+L2-L3-K JxFACTCL1+J2-L3-K3xFACT C-J1-L1+J3 + L3 + K 3 * 82,000 
xFACTC-J2»L2 + J 3 + L3 + K3xFACT ai-L2-J3-K] ' * 83,000 IF F3>U THEN SMl*SMi + { I F bUGLEAN(K) THEN - 1 ELSE 1) * 84,000 xFACTTJ1+J2+L1+L2+1-K3/F3 * END } 85,000 SUMK «• SMI ; % 86,000 END; 87,000 
R E A L PROCEDURE S IXJ(Jl#J2pu1pL2»L3) i X 8,0u CALCULAIES WIGNER 6-J COrEMCILNTS 88,100 VALUE Jl»J2pJ3,11pL2'L3 J X 89,00 RL AL JIp J2p J3pLl»L2?L3 I % 90,00-' BEGIN * 91,000 EXP1 • J1 + J2 + L1 + L2 ) X 92,000 IF ABS(Jl+J2)iJ3 AND Abb(J1»J2)<J3 THEN X 93,0v; SIXJ «-(IF BOOLEAN(LXFI) THEN - 1 ELSE 15 X 94,000 xoELCJl* J2p J3)*DELCL1pL2> J3)*DEL< JIpL2pL J ) 95,000 x SUMK(JipJ2pJ3,L1*L2pL3)x DEL(L1pJ2pL3) % 96,000 ELSE SIXJ+O } X 97,000 ENDj X 98,000 REAL PROCEDURE SUMK2CJl,J2PJ3PMIPMP*M3) ; X 99,000 VALUE JIpJ2pJ3pMl,M2>M3 J X 100,000 RtAL JIpJ2pJ3*M1,M2pM3 ; % 101.000 BEGIN * 102,000 SM14-0 * MIN3«-MjN2( Jl* J2-J3* Ji-Mt p J2 + M2, 100) ; X 103^000 FUR K*0 STEP 1 UNTIL M1N3 DO BEGIN X 104.000 F34-CF ACrCK]xFACTC J1 + J2-J3-K JxFACTC Jl-Ml-K Jx 105,000 FACTCJ2 + M2-K]XFACTC J3-J2 + M 1 + K 3XFACTCJ3-J1*M2*K3 ) ; 106,000 
o 
ON 
T H E N S M T ^ S M L 
«- S M I $ X 
*> ( I E B O O L E A N ( K ) T H E N - 1 E L S E 1 > / F 3 > V F 3 > 0 
S U M K 2 
E N O I X 
R E A L P R O C E D U R E T H R E E ^ C J I P J 2 P J 3 P M 1 P M 2 P M 3 ) I % 
C A L C U L A I E S W I G N E R 3 « j C O E F F I C I E N T S 
V A L U E J 1 P J 2 P J 3 , M 1 P M 2 P M 3 I X 
R T A L J I P J 2 P J 3 P M 1 P M 2 P M 3 I X 
B E G I N * 
E X P 1 «• J I - J 2 - M 3 I X 
I F M U M 2 + M 3 . * 0 T H E N T H R E E J « - 0 E L S E % 
T H R E E ( I F B O O L E A N C E X P 1 ) T H E N - 1 E L S E 1 ) X 
X S Q R T C F A C T R J U J 2 « J 3 ] X F A C T [ J 1 - J 2 + J 3 1 X 
X F A C T O J L * J 2 + J 3 ] * F A C T [ J L + M J ] X F A C T C J 1 » M 1 ] X F A C T C J 2 + M 2 3 
X F A C T C J 2 * » M 2 L X F A C T C J 3 + M 3 3 X F A C T U 3 " M 3 3 / F A C T E J U J 2 + J 3 + 1 ] ) 
X S U M K 2 ( J I P J 2 " J 3 P M 1 P M 2 P M 3 ) ; X 
E N D J 
R E A L 
X 
P R O C E D U R E Q D P C J P F I P H P I 2 P V 1 P K ) I 
A L C U L A F E S Q U A D R U P O L E I N T E R A C T I O N M A T R I X 
V A L U T J P F I P I 1 P I 2 P V 1 P K J % 
R E A L J P F 1 P I 1 P I 2 P V 1 ' K * * 
B E G I N I N T E G E R E X P 4 P E X P 5 * * 
E X P 4 * 2 + 3 / 2 + J * F 1 J E X P 5 * J + V L + 3 * 
Q . V ^ C U B O O L E A N ( E X P 4 ) T H E N - 1 E L S E 1 ) * 
E L E M E N T 
E N D J 1 0 7 
1 0 8 
1 0 9 
1 1 0 
1 1 0 
1 1 1 
1 1 2 
1 1 3 
1 1 4 
1 1 5 
1 1 6 
1 1 7 
1 1 8 
1 1 9 
1 2 0 
1 2 1 
1 2 2 
1 2 2 
1 2 3 
1 2 4 
1 2 5 
1 2 6 
S I X J C 2 P J P J P F I P I 2 P I I ) X S « R T ( 5 ) 1 2 7 
X ( A L P 2 T ( 2 X I L - H ) / 2 P C 2 X I 2 * L ) / 2 3 X S Q R T ( 2 X J + L ) X ( 3 X K * 2 - J X C J + L > ) 
X A L P / S Q R T ( ( 2 X J * 3 ) X ( 2 X J + 2 ) X 2 X J X ( 2 X J « L ) ) X 
\ * ( I F B 0 0 L E A N ( E X P 5 ) T H E N - 1 E L S E 1 ) X 
X B E T A 2 C ( 2 X 1 1 + 1 ) / 2 P ( 2 X 1 2 * 1 ) / 2 3 X S Q R T ( 2 X J + L ) % 
X J X ( J + L ) X ( A L P - L ) / ( ? X S Q R T ( ( 2 X J + 3 > X ( 2 X J + 2 ) X 2 X J X ( 2 X J - L ) ) ) ) X E Q Q 
E V U ; % 
R E A L i V ^ O C E D U R E S T A R K C J P J P * I 1 P F 1 P F 2 P M F P K ) I X 
C A L C U L A T E S S T A R K E F F E C T M A T R I X E L E M E N T 
V A L U T J P I 1 P F 1 P F 2 P M F P K P J P J X 
R E A L \ J P I 1 P F 1 , F 2 P M E * K P J P J % 
B E G I N E X P 6 4 - F H - F 2 + I L - M F ' K ) X 
S T A R K * U F B U 0 L E A N ( E x P 6 ) T H E N - 1 E L S E 1 > X T H R E E J ( F L , 1 P F 2 P - M F P O P M F ) 
X S Q R T ( ( 2 X F L * L ) X ( 2 X F 2 + L ) ) X S I X J ( J P F I P I 1 P F 2 P J P P I ) X 
X S Q R K C 2 X J 4 - L ) X ( 2 X J P + n ) X T H R E E J ( j p P J P L P K P - K P O ) X M U X E F L E L D J X 
1 2 8 
1 2 9 
1 3 0 
1 3 1 
M 3 2 
1 3 3 
1 3 4 
1 3 4 
1 3 5 
1 3 6 
1 3 7 
1 3 8 
1 3 9 
1 4 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
1 0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 
0 0 0 ooo ooo 
0 0 0 ooo ooo ooo oooo 
1 0 0 0 oooo oooo oooo oooo oooo oooo oooo oooo oooo oooo oooo oooo 
1 0 0 0 oooo oooo oooo oooo oooo oooo 
4 00 F O R J M S T E P 1 U N T I L 
E N D t % 
P R O C E D U R E C L E A R A C A ) p % 
A R R A Y A C O O O ] I % 
B E G I N * 
F U R 1 4 - 1 S T E P 1 U N T I L 
E N D C L E A R A I % 
I N T E G E H P R O C E D U R E M F N C P I P P G ) I % 
V A L U E P 1 * P 2 I % 
I N T E G E R P 1 P P 2 I % 
It P I < P 2 T H E N M I N • P I E L S E % 
M I N * P 2 J % 
P R O C E D U R E M A T R I X P R I N F ( N P M P A ) J % 
V A L U E N ,M \ % 
I N T E G E R NPM J % 
A R R A Y A [ 0 P 0 1 I % 
B T G L N % 
F U R M A T O U T F M T C W R o W W P I 3 P X 2 P T C C 0 L W P I 3 P 5 F 2 0 « 8 ) ) % 
I N T E G E R I P J P K I % 
L I S T ROW ( I P J P F O R K * J S T E P 1 U N T I L M I N I OQ A C I P K I ) ) % 
F O R I * 1 S T E P 1 U N T I L N DO ? * 
B E G I N X 
M I N I • 5 ) % 
J + 1 % W H I L E J < M DO % 
B E G I N % 
W R I T E C L I N E P F M T P R O W ) I % 
J 4- K ; % 
M I N I «• M I N C J + 4 * M J % 
E N D % 
E N D % 
E N D M A T R I X P R I N T * % 
P R O C E D U R E E A G L E C N P A ) I % 
C O N T R O L P R O C E D U R E F O R E I G E N V A L U E A N D E I G E N V E C T O R C A L C U L A T I O N 
V A L U E N > I N T E G E R N P A R R A Y A [ O P O ] I % 
B E G I N * 
A R R A Y « E F C O § 3 4 P 0 8 3 4 3 P X P G O U F £ 0 8 3 4 ] I % 
I N T E G E * A R R A Y I D C 0 l 3 4 P 0 8 3 4 3 ; % 
1 4 1 
1 4 2 
1 4 3 
1 4 4 
4 DO A C I P J J * 0 M 4 5 
OOOO 
% 
1 4 7 
1 4 8 
1 4 9 
1 5 0 
1 5 1 
1 5 2 
1 5 3 
1 5 4 
1 5 5 
1 5 6 
1 5 7 
1 5 8 
1 5 9 
1 6 0 
1 6 1 
1 6 2 
1 6 3 
1 6 4 
1 6 5 
1 6 6 
1 6 7 
1 6 8 
1 6 9 
1 7 0 
1 7 1 
1 7 1 
1 7 2 
1 7 3 
1 7 4 
1 7 5 
F O R M A T O U T G O O F F < " V E C T O R C H E C K B Y SUM 0 F P R O D U C T S F O R R O W % I 2 P F 1 2 , 8 P 1 7 6 
OOOOO 
, 0 0 0 0 
OOOOO 
OOOOO 
9 0 0 0 0 
OOOOO 
, 0 0 0 0 
OOOOO 
OOOOO 
OOOOO 
, 0 0 0 0 
, 0 0 0 0 
, 0 0 0 0 
• OOOO 
, 0 0 0 0 
9 O O O O 
, 0 0 0 0 
, 0 0 0 0 
, 0 0 0 0 
, 0 0 0 0 
, 0 0 0 0 
, 0 0 0 0 
, 0 0 0 0 
C O O O O 
, 0 0 0 0 
, 0 0 0 0 
, 0 0 0 0 
, 0 0 0 0 
, 0 0 0 0 
OLOOO 
, 0 0 0 0 
, 0 0 0 0 
, 0 0 0 0 
, 0 0 0 0 
EOOOO 
14) I * LIST GUOFO UPGOOFCi JPK) I % LABEL TOM I X % CALL CAS B A TAPE PROCEDURE A016 FOR CALCULATING EIGENVALUES AND X EIGENVECTORS SS A A016 
TI * TIMEC2) I % 
FUR I * 2 STEP i UNTIL N DO % FUR J f 1 STEP 1 UNTIL 1-1 DO AUPJJ * ACJPIJ J % UNTIL N DO FDR J * 1 STEP 1 UNTIL N DO I M STEP BLQIN X REF CI * J] • A[ IPJ3 I XIF I - J THEN XDUPJ] <-
IF I 
EfND ; x 
T«A 4- 00  I • 1 + TRA 
* J THEN IDC IP J + 
X 
1 I 
0 X 
FUR T«A STEP I UNTIL N DO X v A [ i p I ] i X % CALCULAIE EIGENVALUES AND EIGENVECTORS JACOBHIPNPAPDG) I % D <$• ,  ) X FUR I f 1 STEP 1 UNTIL N DO % T«D * TRD * A£ ip 13 \ % % CHECK INVARIANCE OF TRACE UNDER DIAGONAL 12ING TRANSFORMATION IF ABSITRA - TRD) > 13-6 THEN X WRITE (LINEPCHECKPSMFU) J % % CHECK HUMOGENEITY CONDITION ON EIGENVECTORS FUR K M STEP 1 UNTIL N DO BEGIN X FOR I M STEP 1 UNTIL N DO % BEGIN GOOfUI «• OoO I % FOR J 1 STEP 1 UNTIL N DO X GOOFCIJ*GOOFCn + (REFtIpJ3"A[KpK3xioCIpJ]>xDGCJpK3 > % IF GOf C13>l^-6 THEN % WRlTE(LlNEpGOOFFpGOQFO) X ENO } % END i % 
177,0000 178,0000 179,0000 180.0000 181o0000 00000000 99999999 182,0000 183*0000 184,0000 185o0000186,0000187,0000 188,0000 189,0000 190,0000 191«0000 192,0000 193,0000 194,0000 195,0000 196,0000 197,0000 198,0000 198,1000199,0000 200,0000 200,1000 201.0000 202,0000 203.0000 204,0000 205.0000 206,0000 207,0000 208.0000 209,0000 
o 
END EAGLE J X 210,0000 
WRITECUNETNO]) 1 % 
T2 + T1MEC2) J X 211 
BEGIN *EAL DUMMY 1 I X 212 
BUILD FACTORIAL TABLE 212 
FOR I+-10 STEP 1 UNTIL 20 DO FACTCI3+FACACI) I X 213 
BUILD TABLE OF REDUCTION COEFFICIENTS C( + ) AND C(-) 213 
ALP2T4,43+ SQRT(42)/7 J ALP2C 3,43+T2XSQRT(7)/35 } % 214 
ALP2C3*33*SQRTC2L)/35 I ALP2C2,41*4*SQRTC3)/5 * X 215 
ALP2T2*3]*«6/5 J ALP2C 2*21 + 7/5 ; AI.P2C 1* 33+-SQRT(42)/10 I X 216 
AL^ 2CLP2]+-2XSQRTC3)/T> I BET A2 F 4 P 4 1 +-2XSQRT C 42) / 7 I X 217 
BEIA2C3P4]+-2XALP2C3*4] I BETA?[ 3* 33+6S2XALP2C 3* 33 I X 218 
BE I A2T2>4]«-2XS8RTC3)/5 J BET A21 2P 31 +-3/5 I BET A2 [ 2* 2 3 + -4/5 I 219 
BE* A2C1*33+2XSQRT(42)/10 } BET A2 R 1 * 2 3 +-SQRT ( 3)/5 2 X 220 
FOR 1+1 STEP 1 UNTIL 4 DO FOR L+L STEP 1 UNTIL I DO X 221 
BEGIN ALP2CIDL3 + ALP2CL*I3 J BETA2[19L3+BETA2CLe13 END I X 222 
DATA CAKDS FOR PROGRAM 222 
ALPHA1 + 1
 080641 I ALP*COS(ALPHA 1) J EQQ+-55,4 J X 223 
MU + ?O50 I EFIELD«-104O674 I * 224 
; X 225 
SYMBOLS 225 
DO FOR FQ1+1 STEP 1 UNTIL 5 DO X 226 
. _ _ . „ DO IF ABSCFQ1-FQ2) < 1 THEN X 227 
SJSYCI«1>FQ1>FQ2 3*SIXJ(I>(2*FQ1-1)/2>(2XIQL-L)/2*(2XFQ2-L)/2,2*1) J228 
BUILD TABLE OF WLGNER 3-J SYMBOLS 228 
FOR MFU+1 STEP 1 UNTIL 5 00 FOR FOL+MFQ STEP 1 UNTIL 5 DO X 229 
FOR FQ2+MFQ STEP 1 UNTIL 6 00 IF ABS(FQ1-FQ2) < 1 THEN X 230 
THJSCMH Q,FQ1»FQ23+THREEJ(C2XFQ1-1)/2*1P(2XFQ2-D/2* X 231 
-(2XMFQ-L)/2,0>(2XMFQ-U/2) I % 232 
WRITE(LINE,P0CL3S)I WRIJECLINEPQUADIPEQOPALPHA 1X57•2958) \ % 233 
PAR +0 J X 234 
SUMINT*0 I X 235 
CALCULAIE MATRICES FO« STARK PLUS QUADRUPOLE INTERACTION 235 
FOR MF*+9 STEP -2 UNTIL 1 00 BEGIN KQ+1 i X 236 
FOR KIM STEP 1 UNTIL 2? DO EGY1[K13 +Q ) X 237 
FOR KL*L STEP 1 UNTIL 34 00 EGY2CK13*0 ) % 238 
FOR IL*L>2*3>4 DO FQ« F1+1»2>3*4P5 DO FOR VL+0*1 DO FOR KL+1 X 239 
LWP+45.0 J PRESS * 0°005 
BUILD TABLE OF WIGNER 6-J 
FOR IQ1+1 STEP 1 UNTIL 4 
FOR FQ*+1 STEP 1 UNJIL 6 
,0000 
,0000 
.1000 
,0000 
• 1000 
,0000 
OOOOO 
,0000 
,0000 
,0000 
,0000 
,000
,0000 
,0000 
• 1000 
,0000 
,000 
,0000 
,1000 
,0000 
,0000 
,0000 
• 1000 
• OOOO 
• OOOO 
• OOOO 
• OOOO 
,0000 
• OOOO 
• OOOO 
• 1000 
,0000 
• OOOO 
,0000 
,0000 
o 
V U O P I DO F O R Kl*l % 
STEP 1 UNTIL 22 OO BlCV 1* I I P F 1 *Kl3*0 * * 
FOR I U U 2 P 3 , 4 DO FOR F1 * 1 P 2* 3P 4P 5 OO FOR 
STEP 1 UNTIL 34 OQ B2C VI* I I P F I P K I 3 < - 0 J % 
BEGIN l-OR J Q * 1 P 2 DO % 
BEGIN R U C 1 * N * 0 I % 
FOR FK-2XJQ+7 STEP "2 UNTIL ABSCMF2) DO 
BEGIN MIN4*MINCrpFl*2xJQ3) FOR IH-MIN4 STEP -2 WHILE 
% 
% 11 > 1 
AND Il£Fl-2xjQ DO FOR V L * 0 * L UO BEGIN C1*R1 I R U R 1 + 1 I % 
FOR ^ + F1 STEP &2 UNTIL ABSCMF2) DO BEGIN MIN3*MlNC7»F24-2xjQ) 
FOR 12* IF F2=F1 THEN I I ELSE MIN3 STEP -2 WHILE I2>1 % 
AND I*>F2-2xjQ DO FOR V2* IF F2» F1 AND 1 2 = 1 1 THEN VI ELSE 0 S F E P 
1 UNTIL 1 DO % 
BEGIN Cl+Cl + 1 i N«.C1 J % 
IF Fl-F2<2 AND IlsI2 AND V1#V2 THEN % 
A [ R 1 P C 1 3 * S T A R K < J Q P J Q P I 1 / 2 P F 1 / 2 P F 2 / 2 P M F 2 / 2 P K Q ) ELSE % 
IF Fl*F2 ANO V1 = V2 THEN A [ R1» C 13 <-QDP { J Q P F 1 /2P 1 1 / 2P I 2/2P V1 P KQ ) 
ELSE A[Rl,C13#-0 ) END E N D ENO END J % 
IF M F 2 M AND J Q = 2 THEN N*32 I 
E A G L E (N , A ) ; % 
% ASSIGN UUANTUM NUMBERS TO ENERGY EIGENVALUES AND 
% EIGENVECTOR COMPONENTS 
F O R K I M STEP 1 UNTJL N OU % 
BEGIN i*0 ; FOR Fl# - 2 X J Q
 + 7 STEP -2 UNTIL A8SCMF2) 
BEGIN M I N 4 4 - M I N ( 7 P F 1 + 2 X J « ) ; FOR U«>MIN4 STEP -2 
ANO I U F 1 - 2 X J Q DO Fo« Vl+0*1 OU BEGIN 1 * 1 + 1 ) % 
IF J « M THEN BEGIN B1 f V1 p (11 • 1 ) / 2 P ( F1 • 1 )/2P K13 <-DGCI, K1 3 
E G Y 1 C K 1 3 * A C K 1 P K I 3 ) N1*N ENO J % 
IF J U « 2 THEN BEGIN B21V1P(11 +1)/2P (F1 + 1)/2PK13«-DG{IpK13 
E G Y 2 C K 1 3 * A [ K 1 P K I 3 \ N2«-N END | % 
END ENU J % 
END ENU ; % 
% BEGINNING OF INTENSITY CALCULATION 
W R I T E U I N E P I L P M F 2 ) ) W R I T E ( L I N E P I H ) > 
MFL«-ABM(MF2+l)/2) ; % 
MF22*MF2/2 I X 
J A M * UB + 2 ) FOR K U 1 STEP 1 UNTIL NI 
BEGIN &UMI+0 I FOR F2*6 S T E P -1 UNTIL 
DO % 
WHILE 11> 1 % 
) % 
I % 
% 
DO FOR 
MFL DO 
K2<-1 
% 
STEP 1 UNTIL N2 
240 
241 
242 
243 
243 
244 
246 
247 
J248 
249 
250 
251 
252 
253 
253 
254 
255 
257 
258 
258 
258 
259 
260 
261 
262 
263 
264 
265 
266 
267 
268 
268 
269 
270 
271 
00272 
273 
.0000 
,0000 
• oooo 
,0000 
• oooo 
.0000 
oOOOO 
,0000 
.0000 
,0000 
• 0000 
• oooo 
.0000 
.0000 
.0000 
• oooo 
• oooo 
• oooo 
• oooo 
.1000 
.1100 
.0000 
• oooo 
.0000 
• oooo 
.0000 
.0000 
.oooo 
.0000 
.0000 
.0000 
.1000 
.oooo 
• oooo 
.0000 
• oooo 
• oooo 
B E G I N I T S + M I N ( 5 p F 2 * n J % 
F 1 L + U F F 2 = M F L T H E N F 2 E L S E F 2 - 1 ) ; % 
F O R U + I T S S T E P - 1 U N T I L F 1 L D O K 
B E G I N M I N 4 « - M I N 2 ( 4 P F i + 1 P F 2 4 - 2 P 2 0 ) * % 
F 1 2 « - C 2 x F l - l ) / 2 ) F 2 2 + C 2 X F 2 - 1 > / 2 J % 
M E F * " S « R T C 6 x F l x F 2 ) x T H j S U M F 2 + l ) / ? p F l . F 2 3 J X 
F O R I 1 + M I N 4 S T E P - 1 
W H I L E 1 1 > 1 A N D 1 1 > F 1 - 1 A N D I l > F 2 - 2 D O X 
B E G I N H 2 + C 2 x H - . n / 2 I % 
F O R V 1 « - O P 1 D O B E G I N V 2 + I F V 1 = 0 T H E N 1 E L S E 0 I T B 1 + B 1 [ V I P I I P F I ' K I 3 
T B 2 + b 2 [ V 2 p I l p F 2 P K 2 l * I F T B 1 # 0 A N D T B 2 # 0 T H E N X 
B E G I N E X P 6 4 . F 1 + F 2 + I 1 2 - M F 2 2 ) X 
S U M I « - S U M I + T B l x T B 2 x ( I F B O O L E A N ( E X P 6 ) T H E N - 1 E L S E 1 ) % 
X S J S Y U 1 P F 1 , F 2 ] X M E F I X 
E N D E N U E N D E N D E N D P X 
I N T + i » U M I * 2 I S P L I T * E G Y 2 t K 2 3 - E G Y 1 T K 1 1 * P A R + P A R + l * % 
S U M I N T * S U M I N T + I N T I I F P A K < 8 0 0 T H E N X 
B E G I N f - E A K C l p P A R l + l N T 1 N U [ 1 P P A R 3 + S P L I T E N D E L S E I F P A R < 1 6 0 0 T H E N 
B E G I N P E A K [ 2 P P A R - 8 0 o 3 + l N T ! N U C 2 P P A R - 8 0 0 3 + S P L l T E N D E L S E N U [ 3 P P A R - 1 6 O 0 3 « - S P L I T E N D E L S E % 
N U [ 4 P P A R - 2 4 0 0 3 « - S P L I T E N D ; X 
I X 
I F P A R < 2 4 0 0 T H E N % 
B E G I N [ 3 p P A R - 1 6 0 O 3 « . >
B E G I N P E A K [ 4 P P A R - 2 4 0 O 3 - M N T > 
I F I N T > 0 . 0 5 T H E N X 
W R I T E ( L I N E P I N T E N S i T Y , e G Y H K 1 3 P E G Y 2 C K 2 3 P S P L I T P I N T P P A R ) 
E N D I * 
E N D E N U ) % 
W R I T E C L I N E C D B L 3 ) I X 
W « I T E ( L I N E p S U M i N T F , S U M I N T ) I % 
C L 0 C K 2 <• ( T I M E C 2 ) - T 2 3 / 6 0 $ X 
W R I T E U I N E P R T 2 P C L 0 C k 2 > ; X 
B E G I N R E A L D U M M Y 2 ) % 
L A B E L w o r k J X 
N 3 « - 2 i F O R J Q + l p 2 D o X 
B E G I N N 3 * I F N 3 s 2 T h E N 1 
S T E P 1 U N T I L 6 Do F O R 
D O X 
B E G I N E [ N 3 , K Q , V 1 P K 1 > F i 3 * 0 
E L S E 2 ) F O R KQ«-1 D O F O R F U j X 
V H O P I D O F O R K 1 + 1 P 2 P 3 P 4 0 0 F O R 
; B C N 3 , K Q P V 1 P K 1 , I 1 P F 1 3 * > 0 X 
I I M P 2 P 3 P 4 
2 7 4 
2 7 5 
2 7 6 
2 7 7 
2 7 8 
2 7 9 
2 8 0 
2 8 1 
2 8 2 
J 2 8 3 
2 8 4 
2 8 5 
2 8 6 
2 8 7 
2 8 8 
2 8 9 
2 9 0 
2 9 1 
2 9 2 
2 9 3 
2 9 4 
2 9 5 
2 9 6 
2 9 7 
2 9 8 
2 9 9 
3 0 0 
3 0 1 
3 0 2 
3 0 3 
3 0 4 
3 0 5 
3 0 6 
3 0 7 
3 0 8 
3 0 9 
3 1 0 
. 0 0 0 0 
, 0 0 0 0 
• O O O O 
. 0 0 0 0 
o O O O O 
, 0 0 0 0 
• oooo 
, 0 0 0 0 
, 0 0 0 0 
, 0 0 0 0 
, 0 0 0 0 
, 0 0 0 0 
, 0 0 0 0 
, 0 0 0 0 
, 0 0 0 0 
, 0 0 0 0 
, 0 0 0 0 
.oo  
, 0 0 0 0 
, 0 0 0 0 
.oo  
, 0 0 0 0 
• oooo 
, 0 0 0 0 
• oooo 
• oooo 
• oooo 
• oooo 
• oooo 
• oooo 
• oooo 
• oooo 
• oooo 
• oooo 
• oooo 
• oooo 
, 0 0 0 0 
ro 
E N D > F O R PAR1*1 sTEP 1 U N T I L 3 0 0 DO P E A K 1C P A R I ] * N U 1 C P A R U * 0 J 
PAR1*0 I % 
F O R * Q * I S T E P i U N T I L J « DO F O R F I * 2 * J Q + 7 S T E P - 2 U N T I L 1 DO % 
F O R V K - 0 , 1 DO % 
B E G I N R1*C1*0 I C L E A R A ( A ) } M I N I + M I N C 7P F1 *2x J Q ) P % 
% B E G I N N I N G O F C A L C U L A T I O N F U R Q U A D R U P O L E I N T E R A C T I O N A L O N E 
% C A L C U L A T E M A T R I X C O R R E S P O N D I N G T U C U R R E N T V A L U E S OF J P K P F A N D V 
F O K I K - M I N I S T E P w 2 W H I L E 11 >i A N D I U F 1 - 2 X J Q DO % 
B E ^ I N C1*R1 I R t ^ R H l I % 
l"OR 12*11 S T E P - 2 W H I L E I 2 M A N D 12£Fl»2xjQ DO % 
B E G I N C U C 1 + 1 I A [ R 1 P C 1 : J * Q D P C J Q P F 1 / 2 J > I 1 / 2 P I 2 / 2 P V 1 P K Q ) 
% tND % 
ENU I % 
JQo2 AND F l * l THEN C l * 2 I % 
J Q « 3 AND F l s 3 THEN C i * 3 I % 
J Q » 3 AND F l * l THEN C l * 2 ) % 
PROCEDURE TO DXAGONALlZE MATRIX AN0 CALCULATE EIGENVECTORS 
EAGLECCIPA ) I FoR K l * l STEP 1 UNTIL C I DO % 
ASSIGN QUANTUM NUMBERS TO ALL EIGENVALUES AND EIGENVECTOR COMPONENTS 
BE«IN E E N 3 , K Q p V i p K l , C F l H ) / 2 3 4-AtKi,KU I I I * M IN I *2 ) % 
l-OR 1*1 STEP i UNTIL CI 00 % 
IF 
IF 
IF 
% CALL 
% 
BEGIN 
tND % 
tND ; 
END * % 
S U M I N T l * 0 e O 
11*11-2 
% 
% 
I % 
I B [ N 3 PK Q P V I P K I P ( 1 1 + 1 ) / 2 P ( F 1 + 1 ) / 2 ] * D G C I P K I J 
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315 
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319 
320 
321 
322 
323 
324 
325 
326 
327 
328 
329 
330 
1331 
332 
333 
334 
335 
IF J«#l THEN FOR K«* l STEP 1 UNTIL JQ-1 DO X 336 
BEGIN WRITECLINECPAGE] ) I WRITE(LINEPP0CL3) I % 337 
WR1 TECLINEPQUADIPEQQ*ALPHA 1 x 5 7 . 2 9 5 8 ) * W R I T E ( L I N E * J H P J Q - 1 P J Q P K Q ) | 3 3 8 
WRiTECL INE . IH ) ) % 339 
% CALCULATt I N T E N S I T I E S FUR ALL TRANSITIONS FROM J TO J+l 340 
F0« F l * 2 x C J Q - l ) + 7 STEP -2 UNTIL 1 DO IF EXC*1 THEN % 341 
BEGIN F2*F1 J % 342 
WORKL ¥ OR V 1 * 0 P 1 DO % 343 
BEGIN V2* IF V l * 0 THEN 1 ELSE 0 )% 344 
W R I T E C L I N E *HE A D IN2PJ Q" '1PF1*V1PJ0PF2PV2) I * 345 
FOR K U 1 P 2 P 3 P 4 DO FOR K 2 * 1 , 2 P 3 * 4 DO % 346 
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• oooo 
• oooo 
BEGIN SUMl+o J EQK 1*4 STEP -1 UNTIL i OO * 347 BEGIN EXP7 + HI + CF2+! )/2 J N4 + IF N3=i THEN 2 ELSE 1 I * 348 SUMI4-SUMUBCN4pKQpV1pK1pIp(F1«>1)/2] % 349 xB[N3*KQ#V2pK2pIpCF2 + l)/2Jx(IF' BOOLE AN C EXP7 ) THEN "1 X 350 ELSE l)xSJSYrip(Fl + l>/2,CF2-H>/2J I % 351 END I X 352 INT^-CFl^l )X(F2*nxSUMI*2x( JQxJQ-KQxKQ)/( 3xjQ) J % 353 
TE3 + E[N3pKQpV2>>K2'CF2 + 1)/2] ; TE4+E E N4 » Kti p V 1 p K1, (F1 + 1 )/23 p 354 
I PEAK1CPAHU + INT END I % 
END * 
GO TO WORK END END 
SPLIT+TE3-FE4 J % IF INT#0 THEN BEGIN X PARl+pARl+1 T NUiCPARl ]<-SPLIT SUMlNTUSUMjNTl + lNT I X IF INT>001 THEN X WRITECLINF* INTENSITY>TE4pTE3*SPLIT*INT * PAR I) END \ % tND I % IF Fl = F2 THEN BEG IN F2*F1*2 ; GO TO WORK IF Fl#l AND F2^F1«2 THEN BEGIN F2*Fl-2 J END END j % % PRESSURE BROADEN AL  LlNE$ ACORDING TO TH  VAN VLECK-WEISKOPF X RELATION AND AD  TO G&T THE RESULTANT SPECTRUM 
WRITECLINEpSUMIN ^F»S»i*INr 1 ) J * BEGIN * X 
WRITE(1-INEpP0CL3S); WRI TE (L IN£p QU AH 1 p EQQp ALPH A1 x57 .2958 ) } % WRITE(LINEpMUEpMUpEFlELDpEFIELUx0a9554)p WRITE(LINEpPBS12> p X WRITECUINEpPBSHpPRESSpLWP) * % WRITECLINEpPBSH2) J X 
FOR FRtQU -10 STEP 0,2 UNTIL 10,01 00 BEGIN X INT+O 'FOR PAR+1 STEP 1 UNTIL 1560 DO * BEGIN IF PAR <800 fHEN BEGIN PlM J PAR1*PAR END % ELSE IF PAR <1600 THEN BEGIN PH2 ? PAR 1 «-PAR-80  END X ELSE IF PAR <2400 THEN BEGIN Pl + 3 * P AR 1 «-P AR-1600 END X 
ELSE BEGIN Pl+4 ; PARi+PAR-2400 END J X 
IF PEAKCPlpPARl]>0,o01 AND ABS(FREQ1-NUTP1PPAR1])<10 THEN INT + INI •C500xPEAK£Pi>PARUxPRESS*2)/C
 % (FREQi-NU[PlpPARl])*2+(LWP xprtES>*2*x2 I X 
E N D I * 
X 
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INT 14-0 ) FOR P A R I * * STEP 1 U N T I L 3 0 0 O H % 386.0000 IF A B S O - R E Q l - N U U P A R i J X i O T H E N % 387.0000 INT1*INT1 • <500XPEA*HPAK1 J x P K E S S x P R E S S ) / % 388.0000 
C ( F R E e i - N U l C P A R n ) * 2 + C L W P xpKESS)*2) ' * 389.0000 WRITE(LINE,PL0T2pFRF.yiMNTl# I N T P INT1-INT) J % 390,0000 END E N D } % 391 .0000 END } » 392,0000 CL0CK2 * (TIM£(2) - T2)/60 I % 393.0000 WRITECLINE,RT2,CLQCK2) ) % 394,0000 END I * 395,0000 
E N D p 
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